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Preface 


Origins 

Infrared  techniques,  particularly  as  applied  to  military  problems,  have  been 
developing  in  a  gradual  way  for  many,  many  years.  One  of  the  first  main 
uses  was  in  World  War  II  in  such  applications  as  the  DOVE  guided  bomb  and 
the  German  Lichtsprecher.  Since  then,  the  Sidewinders,  the  Midas  satellites, 
communication  devices,  and  a  myriad  of  other  instruments  and  systems  have 
been  proposed,  designed,  developed,  and  used.  Whereas  in  the  early  1950’s 
a  small  group  of  researchers  could  con  vene  and  discuss  most  of  the  infrared 
problems  that  were  then  facing  the  nation,  now  such  meetings  encompass 
between  five  hundred  and  a  thousand  people.  The  techniques  have  changed, 
the  components  have  improved,  and  the  means  of  use  for  these  components 
have  become  more  sophisticated  and  more  complicated. 

Early  in  1961,  A1  Canada,  who  was  then  at  ARPA  —  the  Advanced  Research 
Projects  Agency — and  the  editor  of  this  Handbook  had  a  series  of  conversations 
including  discussions  of  ways  to  improve  communications  among  infrared 
workers  and  of  methods  by  which  the  talents  of  these  workers  could  be  used 
more  effectively.  Both  of  us  were  aware  of  the  capabilities  of  organizations 
like  IRIS  (the  Infrared  Information  Symposia)  and  IRIA  (the  Infrared  Informa¬ 
tion  and  .Analysis  Center),  but  we  felt  that  something  different  would  be 
useful. 

In  the  field  of  microwaves  and  radar,  one  of  the  first  unclassified  treatments 
of  their  application  to  fairly  complicated  guidance  and  control  and  related 
problems  was  a  series  of  books  written  by  staff  members  of  the  Radiation 
Laboratory  of  Massachusetts  Institute  of  Technology.  Many  of  these  became 
classics.  We  felt  that  the  infrared  field  could  benefit  from  a  similar  publica¬ 
tion  program.  Unfortunately,  monetary  problems  forced  us  to  modify  our 
first  hopes  drastically.  The  result  is  this  Handbook. 

ARPA,  via  the  Office  of  Naval  Research,  contracted  with  the  University  of 
Michigan  to  supervise  writing  of  this  book,  and  ONR  requested  the  Naval 
Research  Laboratory  to  arrange  for  its  publication.  ARPA  suggested  that  a 
technical  writing  firm  be  retained  for  assistance,  and  the  LTniversity,  afte*- 
evaluating  competitive  bids,  selected  the  McGraw-Hill  Book  Company, 
Training  Materials  and  Information  Services  Division  — now  Information  and 
Training  Services  Division  of  the  F.  W.  Dodge  Company,  a  Division  of 
McGraw-Hill,  Inc.  This  group,  whose  responsibility  was  to  the  University, 
selected  the  authors  for  the  several  chapters  and  sections;  they  were  in  turn 
responsible  to  this  McGraw-Hill  division. 
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The  project  was  initiated  in  August  of  1962.  Much  manuscript  was  pre¬ 
pared  during  the  ensuing  year.  In  June  of  1963  The  University  of  Michigan 
elected  to  complete  the  final  editing  and  writing  without  the  assistance  of 
McGraw-Hill.  Some  chapters  we  e  il»on  finally  prepared,  and  all  chapters 
were  revised  somewhat,  edited,  and  copy  edited.  The  first  portion  of  the 
manuscript  was  sent  to  the  Naval  Research  Laboratory  on  February'  25  r;-d 
the  last  in  August  of  1964. 

Credits 

Hundreds  of  people  have  helped.  The  people  whose  help  should  be  ac¬ 
knowledged  in  this  preface  are  those  who  have  made  the  most  substantial 
cont  ibutions  to  the  Handbook,  altho  ugh  this  should  in  no  way  indicate  that 
the  less  substantial  contributions  were  not  valuable.  The  list  of  contributors 
(page  iii)  gives  the  chapter  authors  with  their  present  affiliations,  and  the 
titles  of  their  chapters. 

People  at  The  University  of  Michigan  who  should  receive  particular  credit 
for  then  endeavors  on  this  Handbook  are  Mrs.  Hilda  Taft  and  the  IRIA  clerical 
staff.  Mrs.  Taft  painstakingly  copy'  edited  virtually  the  entire  manuscript 
and  it  was  3he  who  brought  to  my  attention  all  the  idiosyr.cracies,  irregu¬ 
larities,  and  inconsistencies  in  symbols  and  equations.  If  they  are  incorrect 
it  is  because  1!  failed  to  take  propter  action  after  they  were  brought  to  my 
attention.  Tbe  IRIA  clerical  staff,  Dorothy  Curtis,  Beatrice  Godin,  Myrtle 
Kreie,  Beth  Larson,  Marie  Nichols,  and  Sonya  Kennedy  kept  track  of  all  the 
correspondence  and  the  many,  many  revisions  and  different  versions  of  each 
of  the  chapters,  as  well  as  the  stray  figures  and  reference  checking  during  this 
work.  I  am  glso  indebted  to  Dr.  George  J.  Zissis,  who  critically  read  a  great 
deal  of  the  manuscript  and  provided  useful  comments  about  many  chapters 
but  particularly  about  Chapters  2,  3,  and  4.  J.  P.  Livisay  and  John  Duncan 
criticized  Chapter  6,  and  John  Duncan  wrote  one  section  of  Chapter  6;  Donald 
M.  Szeles  provided  some  additional  material  for  Chapters  9  and  10;  Roy  J. 
Nichols  criticized  Chapter  21;  John  Gebhardt  calculated  considerable  material 
for  some  of  the  tables  in  Chapter  22. 

We  received  cri  icisms  and  comments  from  many  workers  not  associated 
with  The  University  of  Michigan.  Lucien  M.  Biberman,  r  estitute  for  Defense 
Analyses,  Weshington,  D.C.,  and  Dr.  E.  D.  McAlister  Director,  Applied 
Oceanography  Group,  University  of  California,  Scripps  Irstitution  of  Ocean¬ 
ography,  San  Diego,  California,  provided  criticisms  for  Chapter  5;  Dr.  Stanley 
S.  Ballard,  University  of  Florida,  Department  of  Physics,  Gainesville,  Florida, 
provided  useful  comments  about  Chapters  7  and  8;  Dr.  R.  Clark  Jones, 
Polaroid  Corporation,  Cambridge,  Massachusetts,  Dr.  Henry  Levinstein, 
Physics  Department,  Syracuse  University,  Syracuse,  New  York,  and  W.  L. 
Eisenman,  Naval  Ordnance  Laboratory,  Corona,  California,  criticized  the 
tables  of  Chapter  11;  Dr.  J.  Stanley  Buller,  Santa  Barbara  Research  Center, 
Goleta,  California,  provided  useful  cni  ns  for  Chapter  12;  K.  L.  DeBrosse, 
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ITT  Industr  ,  Laboratories,  Fort  Wayne,  Indiana,  commented  on  Chapter  14; 
and  T.  P.  Tackson,  Aerojet-Genera!  Corporation,  Azusa,  California,  provided 
useful  criticisms  for  Chapter  20. 

All  these  people  have  helped  by  their  comments,  criticisms,  or  creative 
writing.  It  is  only  fair  and  truthful  to  add  that  in  the  end  I  have  taken  it 
upon  myself  to  make  some  changes  either  an  a  result  of  what  was  written,  as 
a  result  of  the  criticisms,  or  in  spite  of  both.  I  hope  that  my  changes  have 
improved  the  Handbook.  If  you  find  that  you  argue  with  or  take  exception  to 
either  what  is  in  this  book  or  what  is  not,  you  are  arguing  principally  with  my 
decisions. 

The  following  individuals  and  companies  provided  information  that  was 
useful  in  preparing  th>s  Handbook: 


J.  G.  Sample,  Raytheon  Co. 

L.  D.  McGiauchlin,  Minneapolis-Honeywell 
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Chapter  1 

INTRODUCTION 


William  L.  Wolfe 

The  University  of  ’.Michigan 


The  chapters  of  this  Handbook  are  arranged  in  a  sequence  that  is  now  almost  tradi¬ 
tional,  and  it  is  logical.  The  radiators  come  first,  then  the  medium  of  propagation,  the 
receiver  system,  the  transducers  and  electronics,  and  finally  a  number  of  special  appli¬ 
cations.  Thus  Chapters  2,  3,  4,  and  5  deal  with  basic  radiation  laws,  blackbody  simula¬ 
tors,  and  the  properties  of  targets  and  of  backgrounds.  Not  very  much  attention  is 
paid  to  the  more  difficult  problem  of  calculating  the  amount  and  kind  if  gaseous  radia¬ 
tion  because  it  is  not  generally  a  problem  for  the  systems  engineer,  whereas  envelope 
calculations  based  on  slide  rules  and  formulas  most  certainly  are.  Traceability  of 
instrument  performance  to  the  National  Bureau  of  Standards  is  more  and  more  a  real 
question;  therefore  the  entire  problem  of  radiometrics  has  been  dealt  with  in  more 
detail  than  is  usual  for  a  handbook. 

Chapter  6  deals  with  atmospheric  absorption  and  contains  some  material  on  scat¬ 
tering  and  scintillation.  Absorption  processes  and  the  calculation  of  absorption  are 
relatively  well  known,  and  a  detailed  explanation  of  the  theory'  and  methods  of  calcula¬ 
tion  are  given.  The  chief  problem  here  is  Knowing  the  atmospheric  composition. 
Much  must  still  be  done  concerning  the  loss  due  to  scattering,  and  with  scintillation; 
here  the  terms  are  not  even  well  defined. 

The  next  group  of  chapters  deals  with  optics  and  optical  design.  Considerable  detail 
is  given  on  design  techniques  because  so  little  is  available  elsewhere.  The  basic 
nomenclature  of  Conrady  is  followed  Components  and  materials  are  discussed.  A 
condensation  of  materia!  contained  in  an  IRIA*  state-of-the-art  report  is  given,  with 
an  augmentation  on  glasses  Although  many  optical  components  are  bought  by 
specification  and  fabrication  to  order,  some  and  even  some  lenses  do  exist  "on  the  shelf.” 
As  many  as  possible  of  these  commercially  available  optical  components  are  listed. 

The  chapter  oil  detectors  is  relatively  short,  but  the  design  engineer  should  find  the 
extensive  table  of  considerable  use.  For  the  first  time  a  readily  available  useful  display 
o!  .nost  detector  concepts  appears  in  print.  Methods  of  te"*  ,r  *v,  but  those  listed  here 
have  some  measure  of  acceptance. 

Detectors  are  often  cooled,  of  course;  Chapter  12  present  (e  most  comprehensive 
table  of  coolers  for  infrared  detectors  ever  pubhshed  (more  have  probably  come  on  the 
market  since  this  book  went  to  press).  In  addition.  Stirling  cycle  systems  and  tech¬ 
niques  Ut-.ng  samples  of  solid  hydrogen,  helium,  and  the  like  are  being  developed,  but 
they  are  not  sufficiently  well  along  for  inclusion. 

‘Infrared  Information  and  Analysis  Center,  a  part  of  t  tie  Infrared  Laboratories  of  the  Institute  of 
Science  and  Technology  at  The  University  of  Michigan.  Ann  Arbor.  Michigan.  The  report  referred 
to  is  2389-  11-S,  Jaruary  1959. 
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The  chapters  on  him  and  preamplifiers  conclude  the  treatment  cr  the  usual  "parts” 
of  an  infrared  system.  Although  there  are  many  brochures  on  film  and  its  performance, 
none  has  ever  appeared  that  was  couched  in  radiometric  terms.  It  is  apparently  true 
that  all  infrared  film  is  manufactured  by  the  Eastman  Kodak  Company. 

The  remaining  chapters  deal  with  certain  special  features  of  infrared  engineering. 
In  this  connection,  the  method  of  writing  on  systems  design  is  of  particular  note  It 
should  be  self-evident  that  no  two  engineers  do  system  design  in  the  same  fashion. 
Some  general  approaches  have  been  discussed  by  such  texts  as  Goode  and  Machol;* 
these  usually  include  a  respectable  amount  of  probability  mathematics  and  concepts, 
game  theory,  and  block-diagram  operations  or  signal-flow  graphs.  They  also  describe 
certain  common-sense  approaches  to  the  simplification  of  the  problem  by  dissection. 
To  a  large  extent  Chapter  18  is  just  such  a  description  for  infrared  systems. 

The  authors  hope  that  this  Handbook  will  be  used  like  most  other  handbooks.  Oc¬ 
casionally  the  user  will  browse  for  ideas.  More  often  he  will  be  searching  for  the  answer 
to  a  specific  problem -the  necessary  data  or  the  required  formulas  or  techniques. 
The  index  should  be  the  key  to  the  answer  for  this  need.  It  has  been  laboriously  pre- 
pai  ed  to  include  references,  cross  references,  and  other  helpful  clues.  The  organization 
should  serve  those  who  browse  and  should  help  in  specific  searches  by  having,  near  the 
referenced,  searched-for  item,  others  that  are  closely  associated  with  it. 

This  Handbook  is  not  a  state-of-the-art  report  on  all  phases  of  infrared  systems  and 
components;  it  is  not  and  was  not  meant  to  be.  But  in  some  senses  it  has  to  be.  A 
handbook  is  usually  a  source  of  useful  information  — data,  equations,  concepts,  and 
techniques.  It  includes  those  things  that  are  useful  foi  undertaking  certain  develop¬ 
ment  and  research  tasks,  but  it  is  not  the  last,  up-to-the-minute  word  on  all  subjects. 

As  is  so  for  every  handbook,  this  one  is  neither  completely  up-to-date  nor  entirely 
comprehensive.  The  field  is  dynamic,  and  the  sum  of  all  material  of  interest  to  every¬ 
one  in  the  field  is  an  appreciable  per  cent  of  infinity.  The  references  provide  one  clue 
for  obtaining  more  information  on  any  given  subject.  Another  source  is  the  various 
information  centers  dealing  directly  with  infrared  topics  or  touching  upon  infrared  as  a 
peripheral  interest.  Some  of  these  centers  are  listed  below.  The  Science  Information 
Exchange,  Suite  313,  Universal  Bldg.,  1825  Connecticut  Avenue,  N.W.,  Washington, 
D  C.  should  be  consulted  for  further  lists  of  Centers  in  existence  and  their  topics. 
1-4.  At  the  Institute  of  Science  and  Technology,  The  University  of  Michigan,  Box  618, 
Ann  Arbor,  Michigan:  IRIA,  the  Infrared  Information  and  Analysis  Center; 
B  AMI  RAC,  the  Ballistic  Missile  Radiation  Analysis  Center,  TABSAC,  the  Target 
and  Backgrounds  Signature  Analysis  Center;  BAC,  the  Background  Analysis 
Center. 

5.  SCIA-LPIA,  the  Solid  and  Liquid  Propellant  Information  Agency  of  the  Applied 

hysics  Laboratory  of  The  Johns  Hopkins  University,  8621  Georgia  Avenue, 
silver  Spring,  Maryland. 

6.  RACIC,  the  Remote  Areas  Conflict  Information  Center,  Battelle  Memorial  In¬ 
stitute,  505  King  Avenue,  Columbus.  Ohio. 

7.  CINFAC,  the  Counterinsurgency  Information  Analysis  Center,  at  American 
University,  Washington,  D  C. 

0.  IRIS,  the  Infrared  Information  Symposia,  an  organization  devoted  to  appropriate 
timely  dissemination  of  research  and  development  results  U  meetings.  Attend¬ 
ance  is  possible  through  Mr.  Thomas  B.  Dowd,  Office  of  Nava!  Research,  495 
Summer  Street,  Boston,  Massachusetts. 

*H.  Goode  and  R  Machol,  Systems  Design.  Control  Systems  Engineering.  McGraw-Hill  Book 
Company,  New  York,  1957 
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2.  Radiation  Theory 

2.1.  Radiometric  Quantities,  Symbols,  and  Units 

The  nomenclature,  symbols,  and  units  of  the  u.ost  important  radiometric  quantities 
are  listed  in  Table  2-1,  which  is  based  on  the  recommendations  of  the  Working  Group 
on  Infrared  Backgrounds  (WGIRB)  [1,2].  They  include  and  are  consistent  with  Amer¬ 
ican  Standard  Z58. 1.1-1953. 

Table  2-1  Symbols,  Names,  and  Units  of  Radiometric  Quantities 


Symbol 

Name 

Description 

Units 

A 

Area 

Projected  area 

cm* 

n 

Solid  angle 

- 

sr 

v 

Volume 

- 

cm3 

u 

Radiant 

energy 

- 

joule 

u 

Radiant 

energy 

density 

Radiant  energy  dU 
per  unit  volume 

joule  cm*3 

P 

Radiant 

power 

Rate  of  transfer  dU 

of  radiant  energy  dt 

w 

W 

Radiant 

emittance 

Radiant  power  per  unit 
area  emitted  from 
a  surface 

dP 

dA 

w  cm  * 

H 

Irradiance 

Radiant  power  per  unit 
area  incident  upon 
a  surface 

dP 

dA 

w  cm  2 

J 

Radiant 

intensity 

Radiant  power  per  nit 
solid  angle  from  a 
point  source 

dP 

an 

w  sr*1 

N 

Radiance* 

Radiant  power  per  unit 
solid  angle  per  unit 
projected  area 

diP 

ccs  &  dA  an 

w  sr*1  cm* 

Spectral 

radiant 

power 

Radiant  power  per  unit 
wavelength  interval 

dP 

ax 

w  p  1 

P, 

Spectral 

radiant 

power 

Radiant  power  per  unit 
fiequency  interval 

dP 

dp 

w  sec 

*So,netim«s  radiance  is  defined  instead  as  the  radiant  power  per  unit  area  (not  projected  area)  per  unit  solid  angle 

V  '  ”  "*A  an)  '*  cotscL  but  it  is  then  neceassrv  to  insert  the  coa  9  factor  differently,  eg .  it  is  then 

W  co a  0  which  u  invariant  along  a  ray,  and  the  radiance  of  a  Lambertian  surface  varies  with  the  cosine  of  the  angle 
from  tlw  norms! 
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Table  2-1.  Symbol#!,  Names,  and  Units  of  Radiometric  Quantities  (Continued) 


Symbol 

Name 

Description 

Units 

Pa 

Spectral 

Radiant  power  per  dP 

w  cm 

radiant 

unit  wave  da 

power 

number  interval 

W \ 

Spectral 

Radiant  emittance  per 

dW 

w  cm  *1  p~' 

radiant 

unit  wavelength 

ax 

emittance 

interval 

Hx 

Spectral 

Irradiance  per  unit 

dH 

w  cm  *  p  1 

irradiance 

wavelength  interval 

ax 

Jx 

Spectral 

Radiant  intensity  per 

aj 

w  sr  1  p _l 

radiant 

unit  wavelength 

ax 

intensity 

interval 

Nk 

Spectral 

Radiance  per  unit 

dN 

war  1  cm-1  p 

radiance 

wavelength  interval 

ax 

A  second  Bet  of  symbols  and  unit#'  (Table  2-2)  is  as  written  by  Penner  [3]  and  pat¬ 
terned  after  Worthing.  In  this  system,  a  superscript  0,  e.g.,  Rc,  indicates  that  the  quan¬ 
tity  is  for  a  blackbody,  and  a  subscript  like  »■  or  X  indicates  partial  differentiation. 
Thus,  in  this  terminology  RK°  is  the  spectral  radiancy  of  a  blackbody  in  w  cm-*  /x1 1 
R„°  is  the  spectral  radiancy'  of  a  blackbody  in  w  cm  *  sec.  Other  investigators  prefer 
to  use  the  superscript  or  subscript  66  or  6  to  denote  blackbody. 

Table  2-2.  Penner  Radiometric  Symbols 


Symbol 

Definition 

6> 

Radiant  energy 

P 

Radiant  energy  density 

1! 

Power 

.  dS, 

J  an 

Radiant  intensity 

R  =  ~ 

dAr 

Radiancy:  radiant  flux  per 
unit  area  from  a  source 
into  a  hemisphere 

T  1  <T2 

11 

Bfc 

Radiant  flux  density 
(not  of  a  source) 

la  njr 
"r  cos  9  dAr  an 

Steradiancy  or  radiance 

/  or  H  or  R  = 

oAr 

Irradiancy 

Proposals  have  been  made  for  altering  the  present  names  and  symbols.  The  two  now 
most  in  favor  are  those  of  R.  Clark  Jones  and  those  of  some  NBS  personnel.  The  latter 
would  retain  the  words  radiant  emittance.  radiance,  irradiance,  and  radiant  intensity. 
The  system  would,  however,  use  the  suffix  -a nee  to  describe  measured  properties  of  a 
particular  sample  and  -ivity  to  indicate  a  property  that  is  intrinsic  with  a  material  when 
used  in  connection  with  material  rather  than  held  quantities.  Thus  the  reciprocal  of 
the  ratio  of  incident  power  (from  a  plane  wave  tt  normal  incidence  on  a  flat  surface) 
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to  the  reflected  power  perpendicular  to  any  sample  is  the  normal  reflectance.  If  the 
sample  optically  flat  polished  surfaces  the  quantity  is  reflect;vity.  The  obvious  dif¬ 
ficulty  is  in  the  words  emittance  and  emissivity,  although  there  lire  other  difficulties. 

Jones  proposes  a  more  general  set  of  specifications.  He  deals  with  ge  metrical 
concepts.  He  calls  the  rate  of  flow  of  my  quantity  from  o  body  per  unit  area  exitance, 
the  rate  impinging  per  unit  am  incidence,  the  rate  per  unit  area  per  unit  solid  angle 
iterance,  and  the  rate  per  unit  solid  angle  from  a  point  source  intensity.  Then  appro¬ 
priate  adjectival  modifiers  are  used.  Table  2-3  illustrates  this  system. 


Table  2-3.  Jones’  Proposed  Term:nojogy* 


Geometric 

Radiometric 

Radiometric 

Qu  ntity 

Quantity 

Quantity 

(Joties) 

(Jones) 

(Standard) 

Emittance 

Radiant  exitance 

Radiant  emittance 

Incidance 

Radiant  incidence 

Irradiance 

Ste ranee 

Radiant  sterance 

Radiance 

Intensity 

Radiant  intensity 

Radiant  intensity 

*R.  C.  Jones,  Terminology  in  Photometry  end  Radiometry,”  J  Opt.  Soc.  Am..  53, 

11,  1314  (No'-'emter  1963). 

Another  set  of  symbols  (Table  2-4)  is  used 

in  the  thermal  control  industry  and  is 

gaining  favor  in 

a  segment  of  the  aerospace  industries.  It  is  also  patterned  after 

Worthing  [4].  The  systems  are  compared  in  Table  2-5. 

Table  2-4  Aerospace  Radiometric  Symbols 

Symbol 

Term 

Definition 

R 

Radiancy 

Power  emitted  per  unit  source 

area  to  a  hemisphere 

- 

Stersdiancy 

Power  emitted  per  unit  area 
per  unit  solid  angle. 

Table  2-5.  Comparison  of  Systems  of  Terms* 

wans 

Penner 

Aerospace  Jones 

Energy,  U 

Energy,  & 

Energy,  Q 

Energy  density,  u 

Energy  density,  p 

-  - 

Power,  P 

Emitted  powr 

Heat  rate,  q  — 

Radiant 

Radiancy,  R 

Radiancy,  R  Radiant 

emittance,  17 

emittance 

Irradiance,  if 

Irradiancy,  /  or  H 

—  Radiant 

or  R 

incidance 

Radiant 

Radiant  intensity,  J 

—  Radiant 

intenrity,  J 

intensity 

Radiance,  N 

Steradiancy  or 

Sterediancy  Radiant 

radiance,  fl„r 

sterance 

Radiant  fiux  density 
(not  source),  W 

•Non  Admo  in  Paoor:  Th?  Nomenclature  Committee  of  the  Optical  Society  of  America  has  >  scently  ••scommended 
that  the  flux  density  radiated  from  a  source  be  called  radiant  exitance;  the  ratio  of  such  flux  from  a  sample  to  that 
of  a  blackbody  be  calked  emittance,  and  that  of  an  opaque  sample  with  perfect  surfaces  be  called  emineivity 
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2.1.1.  Radiometiic  Quantities  as  Field  Concepts.  The  extension  of  the  defini¬ 
tions  of  radiant  emittance,  radiant  intensity,  radiance,  and  irradiance  to  describe  the 
properties  of  a  radiant  field,  as  well  as  the  properties  of  a  source,  ic  of  great  utility. 
In  particular,  geometrically  (neglecting  attenuation  by  absorption,  reflection,  or  scat¬ 
tering)  the  radiance  at  any  point  along  a  ray,  in  the  direction  of  the  ray,  is  invariant 
within  an  isotropic  medium.  In  general,  N/n1  (where  n  is  the  index  of  refraction)  is 
similarly  invariant  across  a  smooth  boundary  between  two  different  media  [51.  How¬ 
ever,  the  determination  of  the  radiometric  properties  of  a  source  in  an  attenuating 
medium,  from  measurements  made  at  c  distal..  _,  a  ways  involves  some  assumptions 
about  the  nature  of  tho  attenuation,  emission,  and  scattering  of  the  intervening  medium. 
Thus,  source  characteristics  calculated  from  field  quantities  rnay  be  in  error  by  an 
unknown  amount.  If  no  attempt  is  made  in  the  calculation  of  the  source  characteristics 
to  include  the  effects  of  the  intervening  medium,  then  the  calculated  quantities  should 
have  the  adjectival  modifier  apparent,  or  they  should  indicate  that  the  radiant  field 
at  the  point  of  measurement  is  described. 

2.1.2.  Other  Radiometric  Quantities.  Radiant  absorptance,  a,  radiant  reflectance, 
p,  radiant  transmittance,  r,  and  radiant  emittance,  e,  can  be  defined  as: 


R 


a : 


absorbed 


f.  ~ 


R  incident 
r* 

*  'fleeted 
R  incident 

R  transmitted 
R  Incident 

R  emitted 


( blackbody  J 


(2-1) 


where  R  is  the  appropriate  radiant  quantity  J,  W,  H,  or  N. 

Table  2-6  provides  a  list  of  definitions  for  the  "other”  radiometric  propertia*.  The 
symbolism  is  still  in  a  transitory  stage.  The  symbols  X,  T,  H,  N,  etc.,  shown  as  sub¬ 
scripts  (c (A  and  a,  are  also  found  elsewhere)  do  not  indicate  differentiation,  e^r.,  ex  # 
dc/dX,  and  for  this  reason  WGIRB  i.as  recommended  the  use  of  e(X'  rather  taan  ex 
for  spectral  emissivity,  etc. 

Radiant  absorptance  should  not  be  confused  with  absorption  coefficient,  v/hich  is 
often  represented  by  the  symbol  a;  however,  the  symbol  a  for  absorption  coefficient 
is  preferred. 

The  processes  of  absorption,  reflection  (including  scattering),  and  transmissn. 
account  for  all  incident  radiation  in  any  particular  situation,  and  the  absorptance, 
reflectance,  and  transmittance  must  add  up  to  one: 


a  +  p  +  r  =  1  (2-2) 

If  a  materia!  is  so  opaque  that  it  transmits  no  radiation,  r  =  0  and 

a  +  p  =  1  (2-3) 


No  specification  has  been  made  as  to  whether  specular  or  diffuse  quantities  are  in¬ 
dicated,  and  therefore  the  relations  hold  if  the  same  specification  is  made  for  each  of 
the  quantities. 
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€ 


a 


P 

(,  a,  p 


T 


r 


Table  2-6.  "Other”  Radiometric  Quantities* 

Emissance  The  ratio  of  the  rate  of  radiant  energy 

emission  from  a  body,  as  a  consequence 
of  its  temperature  only,  to  the  conjspond- 
in&  rate  of  emission  from  a  blackbody  at 
the  same  temperature. 


Absorptance 


Reflectance 


Emissivity. 

absorptivity, 

reflectivity 


The  ratio  of  the  radiant  energy  absorbed 
by  a  body  to  that  incident  upon  it. 

The  ratio  of  the  radiant  energy  reflected 
by  a  body  to  that  incident  upon  it. 

Special  cases  of  emissance,  absorptance 
and  reflectance;  each  is  a  fundamental 
property  of  a  material  that  has  an  opti¬ 
cally  smooth  surface  and  is  sufficiently 
thick  to  be  opaque. 


Transmittance  The  ratio  of  the  radiant  energy  transmitted 

thrrigh  a  body  to  that  incident  upon  it 


Transmissivity 


Transmittance  for  a  unit  thickness  sample. 


e,  r,  p,  and  r  require  additions  qualifications  for  precise  definition.  The 
terms  total  and  spectral,  and  the  terms  hemispherical,  normal,  and  directional, 
are  used  and  are  indicated  by  subscripts,  as  illustr  ated  here  for  emissance,  <. 
In  each  <~ase  the  emissance  is  the  ratio  of  radio.  .  from  a  surface,  us  a  con¬ 
sequence  of  its  temperature,  to  that  from  a  t  iaekbody  at  the  same  temperature. 
The  subscript  indicates  the  way(s)  in  which  this  radiation  is  limited  as  to 
wavelength  and/or  direction. 


u 

Spectral 

Ratio  of  spectral  radiancy  (or  monochromatic 

emissance 

radiancy  at  a  given  waveleng  h)  from  a 
body  to  that  of  a  blackbody. 

(T 

Total  emissance 

Ratio  of  total  radiancy  fro.n  a  body  to  that 
of  a  blackbody. 

f H 

Hemispherical 

Ratio  of  radiancy  from  a  body  to  that  of  a 

emissance 

blackbody. 

ft 

Directional 

Ratio  of  steradiancy  from  a  body  to  that  of 

emissance 

a  blackbody. 

e  v 

Normal 

The  special  rase  of  directional  emissance 

emissance 

when  the  emissance  is  in  a  direct:  jr  normal 
to  the  .urface. 

Therefore,  precise  definitions  of  emissance  will  take  the  following  nomenclature: 

*TH 

Total  heini8pherical  emissance 

€r\ 

Total  normal  emissance 

Spectral  hemispherical  emissance 

Spectral  normal  emissance 

*Th«w>  fto&aitiou'  follow  the  recent  reocmrr.erdxtion  of  NBS  personnel  wno  prupoee  the  suffix  -anct  for  specimen 
properties  and  -wily  for  intrinsic  material  properties.  Emieertnc*  follows  the  suggestion  of  Judd  to  avoid  confusion 
w>*h  ;  power  flux.  The  more  recent  Of  *i  recommendation  would  change  emir  a  nee  to  eminence. 
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2.2.  Kiichhoff’s  Lav.:  Emissivity  and  Blackbodies 
Kirchiioff’s  radiation  law  is 


W 

—  =  whll  =  w» 

a 

Kirchhoff’s  law  can  also  be  stated  as: 


(2-4) 


(2-5) 


Thereby  e  is  W/Whb. 

For  the  limiting  conditions  of  an  opaque  material  (r  =  0)  to  which  Kir^hhoff’s  law 
applies: 


«  =  1  -  P 

A  blackbody  is  a  perfect  absorber  and  therefore  can  be  characterized  by: 

a  =  e  =  1,  p  =  C,  t  =  0 


(2-o) 


(2-7) 


2.3.  Radiation  Laws 

Planck’s  law  is  the  basis  for  almost  all  radiometric  considerations;  other  expressions 
are  derivable  from  it. 

2.3.1.  Planck’s  Law.  The  blackbody  spectral  energy  density  for  unpolarized  radia¬ 
tion  is  given  as 


W x  =  2nc*h\-i(ehr!k*T  —  1)-' 

HV=^  X  W*'-  1)  '  (2-8) 

This  pair  of  equations  also  defines  c,  and  c2  as 

ci  =  8  nch 

c2  =  ch/k  (2-9) 

The  literature  sometimes  contains  alternative  definitions  for  Ci  that  'take  geometrical 
factors  ir*'.  account.  Usually  ci  -  8 vch  for  the  energy  density  expression,  =  2j7c*/i 
for  radiant  emittance  in  a  hemisphere,  and  —  2c* h  for  radiance.  The  first  (ci  =  8nch ) 
will  be  always  used  here. 

car.  be  related  to  uK  as  follows. 


uk  =  4WJc  (2-10a) 

where  is  the  radiant  emittance  in  a  uniform  enclosure; 

uK  =  2Wjc  (2-1  Ob) 

where  V>\  is  the  radiant  emittance  into  a  Lambertian  hemisphere. 

Wavelength  and  frequency  are  related  as  follows: 

dk  —A*  — c 

u,=u*  — = -  <2-11) 

av  c  v* 
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Another  useful  form  for  Wx  is 


>_lso, 


Wxd\  =  Wvdv  « 


2w(kT)4  /  x*dx  \ 
c*hz  \ex  —  1/ 


x  = 


hv 


vr  N>  -  W  x 
4  nN„  =  cuk 


(2-12) 

(2-13) 

(2-14) 

(2-15) 


2.3.2.  Quantum  Rates  in  Bl&ckbcdy  Radiation.  The  energy  of  a  quantum  is 

(2-16) 

(2-17' 
(2-18) 


(2  19) 

(2-20) 

2.3.3.  Stefan- Boltzmann  Law.  When  the  Planck  equation  is  integrated  over  all 
wavelengths  the  Stefan-Bo’iu-mann  expression  is  obtained: 

W  =  vT*  (2-21) 

where 

W  is  total  radiant  erritiance,  w  cm"* 


rr  .  he  (20  x  lO-10  joule  m)  (1.2398  ev/x) 

U  =  hv  =  —  — - = - 

XX  X 

The  monochromatic  flux  n  is 

n ,  =  Wr/hv  —  2ne~1i'1(ek,’lkr  —  1)~*  photon  cm1  epe*' 
nx  =  Wyk/hc  ~  2-.Tc\4(ekc,kkT  —  1)_1  photon  cm"5 
The  mean  square  fluctuation  rate  is 

Wien  sk,,kr  is  large  enough,  the  classical  result  is  obtained: 

(An)*  =  n 


a  is  the  Stefan  Boltzmann  constant,  5.67  x  10~'*  w  cm1  (°K)~* 

T  is  absolute  temperature 

2.3.4.  Rayleigh-Jrans  and  Wien  Laws.  These  two  expressions  antedated  Planck  s 
formulation.  They  are  incorrect  but  sometimes  give  •  seful  approximations. 

The  Rayleigh-Jeans  equation  is 

U\  =  C|X  s(*77c2)  =  8nkT\.~4  (2-22) 

The  Wien  expression  is 

Ux  =  C|X  5  e->»ciKkT  =  87rcX  i  e  kelkkT  (2-23) 

2.3.5.  The  Wien  Displacement  Law.  This  simple  expression  tells  where  the  peak 
of  the  radiation  curve  falls  at  any  given  temperature: 

\ma,T  =  2897.9/x  <°K,  (2-24) 

2.3.6.  Maximum  Difference  Expression.  An  expression  for  the  wavelength  at 
which  the  maximum  monochromatic  radiation  difference  for  a  given  temperature 
difference  occurs  is  found  by  writing 

d3W 
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The  resultant  condition  is 

Kma,  m;.T  =  2404m  (°K)  (2-26) 

2.4.  Blackbody  Slide  Rules 

Rules  have  been  devised  for  rapid,  fairly  accurate  calculations  of  radiometric  quan¬ 
tities). 

2.4.1.  The  General  Electric  Rule  [6].  This  rule,  designated  GEN-15C,  is  available 
from  the  General  Electric  Company,  1  River  Koad,  Schenectady,  New  York;  it  costs 
about  one  dollar.  Calculations  which  can  be  made  on  the  rule  are  as  follows  (see 
Fig.  2-1): 

1.  Conversions  of  temperatures  among  Celsius,  Kelvin,  Fahrenheit,  and  Rankine 
by  setting  the  temperature  on  one  scale  and  reading  it  on  another  -  scales  ABKL. 

2.  Multiplication  by  the  use  of  standard  C  and  D  log  scales. 

3.  Total  blackbody  radiant  omittance  by  setting  the  temperature  of  the  blackbody 
source  on  a  temperature  scale  and  reading  on  the  E  scale  (w  cm  ‘).  An  emissivity 
scale  associated  with  the  E  scale  permits  direct  calculation  for  graybodies;  read 
the  value  on  the  E  scale  under  the  appropriate  emissivity. 

4.  Incremental  blackbody  radiant  emittance  at  maximum.  The  power  density 
for  a  1-m  bandpass  can  be  read  directly  from  the  WKmnjr  or  F  scale. 

5.  The  ratio  of  W>  at  any  wavelength  X  to  that  at  X,,„x,  WJWkmax.  The  tempei  ■ 
ature  is  set  on  a  temperature  scale;  then  WK/Wi W0J.  is  read  from  the  G  scale 
opposite  the  desired  X  on  the  H  scale.  Thus  one  can  and  Wk  max  for  a  given  X 
on  the  1Y*  mnx  scale  and  then  calculate  the  value  of  at  any  wavelength  on  the 
WJ\ Vxn„  scale. 

6.  The  blackbody  radiation  in  any  spectral  interval.  Set  the  temperature  scale 
at  the  appropriate  temperature.  Then  on  the  W 0-  JW3 or  J  scale  read  the 
percentage  radiation  that  lies  below  a  fiarticular  wave  length  Xi  (on  the  /scale). 
Do  the  same  for  Xt,  and  subtract. 

7.  Conversion  of  range  in  nautical  miles  to  range  in  centimeteis  with  the  aid  of 
a  straight  edge,  and  vaiuum  calculation  of  irradiance.  These  can  be  made  with 
the  ORST  scales. 

8.  Conversion  from  w  in."1  to  Btu  ft-*  hr1. 

9.  Number  of  photons  sec'1  cnr*  from  a  blackbody  at  index  temperature. 

Useful  constants  and  other  combinations  of  these  calculations  are  also  available. 

2.4.2.  The  Block  Rule.  This  rule,  available  fiom  Block  Associates  Inc.,  385  Putnam 
Avenue,  Cambridge  39,  Massachusetts,  at  cost  of  about  two  dollars,  consists  of  two 
curves  of  blackbody  spectral  radiance  (Fig.  2-2);  one  is  plotted  as  a  function  of  wave¬ 
length  and  the  other  as  a  function  of  wavenumber.  By  shifting  the  curves  along  the 
lines  marked,  blackbody  curves  for  any  temperature  can  be  obtained.  The  curves 
are  made  to  cross  the  index  line  at  the  appropriate  temperature.  Then  the  values 
for  the  spectral  radiance  (unfortunately  designated  as  /x  and  /,)  are  read  from  the 
right-hand  scales.  On  the  reverse  side  a  curve  of  Av  and  AX  os  X  and  v  is  given.  Thus, 
if  one  knows  a  spectral  resolution  is  Av  at  a  given  v  he  can  find  the  resolution  Av  at 
that  v  and  the  corresponding  X.  Of  course,  calculations  from  AX  to  Av  can  alro  be 


Fir,.  2-2.  The  Block  slide  ru  e.  [Block  Associates,  Inc.,  Cambridge, 
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Fig  2-3.  The  ARL  slide  rule.  (Admiralty  Research  Laboratories,  Tetidington,  Middlesex,  England.) 
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made.  Although  the  carves  are  correct,  there  are  slight  errors  in  the  text:  the  table 
which  i 3  an  insert  to  the  spectral  rssoluf::m  calculator  should  have 


X  A  u 

l’ 


(2-2/) 


^  ^  AX  _  v  AX 

XJ  X 

A  useful  way  to  remember  this  relation  is 

AX  _  —Ac 
a  v 


(2-28) 


(2-29) 


2.4.3.  The  Aomiraity  Research  Laboratory  Rule  [7).  This  more  precise,  more 
expensive  (about  $150)  rule  provides  essentially  the  same  calculations  as  the  General 
Electric  rule.  It  can  be  obtained  from:  (1)  A.  G.  Thornton  Company,  Ltd.,  P.O.  Box  3, 
Wythenshawe,  Manchester,  England;  (2)  Jarrell  Ash  Company,  Boston,  Massachusetts; 
or  (3)  International  Scientific  and  Precision  Instrument  Company,  Inc.,  910  Seventeenth 
Street  N.W.,  Washington  6,  D.C.  The  symbol  H,  rather  than  W.  is  used  for  flux  density 
(possibly  indicating  irradiance).  The  following  calculations  can  be  made  (Fig.  2-3): 

1.  The  total  irradiance  (w  cm  *)  for  a  Loven  temperature  T  can  be  read  from  scale 
a  under  a  hairline  set  a',  temperature  T  on  scale  c  (°C)  or  d  (°K). 

2.  The  spectral  irradiance  for  a  1-cm  wavelengtn  »pcct«-al  HnnHunrttK  ;|-1C  ;naxi- 
mum  of  the  curve  Hymnj.  (w  cm1)  can  be  read  from  scale  b  under  the  hairline 
for  the  same  setting  of  T  on  scales  c  or  d. 

3.  S/  lilar  quantities  in  terms  of  the  number  of  photons  Q  can  be  obtained  on  scale 
f  fer  Q  (photons  sec  ’  cnrJ)  and  on  scale  g  for  Qymns  (photons  sec  1  cm  2  cm  !). 

4.  The  ratio  of  Hy  to  HymnT  can  be  found  by  placing  the  arrow  marked  TEMPERA¬ 
TURE  at  the  appropriate  temperature  and  using  the  hairline  to  find  Hy/Hymnj. 
on  scale  a  for  X  on  scale  i.  Similarly,  Hy~,/H  can  be  read  on  scale  i,  Hn  JH  on 
scale  m,  Q  y/Qymax  on  scale  n,  Qy-,IQ  on  scale  r,  or  Qn  y!Q  on  s«.aie  s. 

5.  Scale  e  is  the  wavelength  scale  on  which  one  can  also  read  wavelengths  at  which 
Hy,  Qy,  Hy,  and  O „  have  their  maximum  values. 

The  temperature  scale  runs  from  100’K  to  10,000° K,  but  if  higher  or  lower  temper¬ 
atures  are  desired,  the  rule  can  be  extended  bj  the  use  of  the  multiplicat  on  tables  k 
and  j.  The  instructions  given  here  and  more  are  provided  on  the  reverse  side  of  the 
rule,  which  also  gives  wavelength,  waver  umber,  and  energy  scales  (but  no  hairline  for 
conversion!).  y 

2.5.  Biackdody  Curves  [8] 

Figures  2-4,  2-5,  and  2-8  provide  information  about  the  spectral  distribution  of  black- 
body  radiation.  The  first  of  these  is  a  linear  curve  with  wavelength  as  the  abscissa 
and  as  the  ordinate.  The  second  ;s  semi  logarithmic  but  for  a  different  range  of 
temperatures.  The  third  is  a  curve  plotted  on  a  logarithmic  wavelength  scale  and 
linear  emittance  Ecale  in  terms  of  the  variable  XT. 

Another  useful  curve  is  a  log-log  plot  of  the  Planck  equation.  The  shape  of  the  curve 
is  identical  for  all  T  and  need  only  be  shifted  along  the  line  representing  the  Wien 
displacement  law.  Such  curves  are  shown  in  Figs.  2-7  and  2-8.  The  straight  lines 
are  the  "sliding  lines.”  Every  blackbody  curve  for  any  temperature  can  be  obtained 
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Fig.  2-5.  Biaikhody  curves,  1(X>CK  to  1000°K. 
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FRACTION  Or  RADIANT  FMTTANCS  bELOW  POINT  INDICATED 
wo-*/wo-<c 


I  o’  105  io4  io3  io2 

WAVE  NUMBER  {nm'1) 

Fig.  2  7.  i s  X  and  v. 

by  it  wing  a  curve  of  the  same  shape  along  this  line.  Thus  a  "do-it-yourself”  slide  rule 
can  be  constructed  by  putting  an  overlay  on  this  figure,  tracing  the  curve  and  the  line, 
and  placing  an  index  marker  at  6000°L,  the  temperature  of  the  top  curve.  Then  by 
keeping  the  lines  ovei lapped  and  setting  the  index  marker  at  the  desired  temperature, 
the  template  becomes  the  blackbody  curve  for  that  temperature.  Figure  2-8  is  the 
same  sort  of  curve  but  for  n  different  temperature  region  These  are  similar  to  the 
Block  slide  rule. 
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WAVELENGTH  (a) 


105  104  103  102  101 
WAVE  NUMBER  (cm  !) 

Fic.  2-8.  vs  X  and  v. 


s 


XT  (*j°K) 

Fig.  2  j  Deviations  o<  Viien  and  Raylei^h-Zeans 
e?  pressiins  from  Planck's  law. 


Often  blackbody  calculations  can  be  made  on  the  basis  of  either  the  Rayleigh-Jeans 
or  the  Wien  expression.  Thus,  when  hc/XkT  is  large, 

Nk  =  2cxhk  5  e  »*■'»"  (2-30) 

When  htikkT  is  small, 


N v =  2 ckk  ‘T 


(2-31) 


Figure  2-9  provide*  information  about  errors  inherent  in  using  these  expressions. 
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2.6.  Black body  Tables 

For  very  careful  work  it  is  necessar,  to  use  tables  of  blackbody  functions  with  their 
additional  precision  and  attendant  difficulties.  Since  erv  ’  set  of  tables  is  a  thick 
book  in  itself,  only  references  to  those  works  are  given  here. 

S.  A.  Golden,  Spectral  and  Integrated  Black  body  Radiation  Functions  Research 
Report  60-23,  Rocketdyne  Division,  North  American  Aviation,  Inc.,  Carioga  Parle, 
Calif.  (1960)  [9\ 

Table  1  provides  Wk/Wkmas  and  W0-xlW  and  their  first  derivative  as  functions 
of  ci/X7'.  The  intervals  are  as  follows: 


Cj /XT 

Acj/XT 

0-2 

0.01 

2-5 

0.02 

5-10 

0.05 

10-25 

0.10 

25-50 

0.20 

Ta)  le  II  provides  and  W  as  functions  of  T  from  0°K  to  10,000°K  in  10°K 

intervals.  Y  clues  of  the  radiation  constants  are 

Ci  ~  2-rhc 1  =  3.7413  x  10  5  erg  cm5  sec-1 
Ci  =  hclk  =  1.4358  cm  °K 

M.  Pivovonsky  and  M  Nagel,  Tables  ofBlackbody  Radiation  Functions,  Macmillan; 
New  York  (196lj  ilO]. 

Table  I  is  a  tabulation  of  (1)  Nk  vs  X  and  T\  (2)  the  ratio  N\(kT\)lN  (0.560  p,  T,)\ 
(3)  A  o-x/N.  These  are  tabulated  to  five  significant  figures  for  X  =  0.2  p  to  0.590  p 
in  0.005-/1  intervals  and  between  0.590  /t  and  1.2  /i  in  0.01-/1  intervals  from  800 
to  40,000°K  in  intervals  varied  to  meet  the  need  *  of  the  range. 

Table  IT  continues  Table  I  for  X  —  1.1  p  to  1100  p  at  temperatures  from  20  to 
13,000°K  with  fovr-figure  accuracy. 

Table  III  includes:  (1)  Nk/NkmcA.,  (2)  a  restatement  of  the  wavelength  ratios  of 
Table  I  and  II;  and  (31  a  function  for  computing  derivatives  of  the  Planck  function. 
These  are  plotted  for  XT’  from  0.01  to  0.99  p  °K.  Procedures  for  evaluation  at 
higher  values  of  XT  are  given. 

Table  IV  has:  N,  Nkma,,  tor  temperatures  from  1000°  tc  2500°K  at  2°K  inter¬ 
vals,  from  2500  to  5500°K  in  5°K  intervals  and  from  5500°  to  10,GO0°K  in  10°K 
intervals. 

Table  V  reoe.*ts  Table  IV  but  f.  .  wavenumbers,  and  Table  VI  repeats  Table  IV 
for  reciprocal  temperatures. 

Table  VII  gives  luminance  from  800°  to  1,'960K  in  4°K  intervals  and  a  table  of 
luminance  and  chromaticity  coordinates. 

Table  VIII  is  a  temperature  correction  table -for  revised  physical  constants. 
M.  Ciemy  and  A..  Walther,  Tables  of  th  Fractional  Function  for  the  Planck  Radi¬ 
ation  Law,  Spnnger-Ve.  lag,  Berlin  (1961)  [11]. 

Deals  with  W^-JW  plotted  vs  KT/ci.  The  tables  are  independent  of  r*.  It  also 
includes  the  first  and  second  derivatives  of  this  function  and 

KVx  1  XT  d  /W0.k\ 

W  4  c,  dX  \  W  ) 


a^d  its  first  derivative. 
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Other  tables  in  print  are  as  follows: 

Parry  Moon,  J.  Opt.  Soc.  Am.  38,  291  (1848)  [12]. 

A.  N.  Lowen  and  G.  Blanch,  J.  Opt.  Soc.  Am.  30,  70  (1940)  [13]. 

E.  Jahnke  and  F.  Emde,  Tables  of  Functions,  Dover,  New  York  (1945)  [14], 

A.  G.  DeBell,  Rocketdyne  Research  Report  59-32,  Rocketdyne  Division  of  North 
American  Aviation,  Inc.,  Canoga  Park,  Calif.  (1959)  [15]. 

Still  others  exist  for  special  uses:  C.  C.  Ferriso  of  Convair  prepared  a  set  for  flame 
calculations  (in  terms  of  wavenumber'  and  S.  Twomey  of  NASA  prepared  a  set  (180° 
to  315°K  and  20  cnr 1  to  3400  cm-'),  mostly  useful  for  meteorological  work. 

2.7.  Radiation  Geometry 


The  differentia!  solid  angle  is  (see  Fig.  2-10): 


d(l  = 


r1  sin  0  d6  d<t> 
r* 


(2-32) 


The  solid  angle  of  a  sphere  is  4rr  sr. 

The  solid  angle  of  a  hemisphere  is  2 rr  sr. 

For  smal.'  angles  the  solid  angle  is  the  product  of  the  plane  angles  of  two  sides  of  an 
area,  and  is  equa1  to  the  area  divided  by  the  distance  squared. 


2.7.1.  Lambertian  Sources.  When  radiance  is  defined,  as  in  Table  2  1.  a& 


N 


d'P 

C08 


w  cm  '  sr'1 


(2-33) 


a  Lambertian  surface  has  r.  constant  radiance,  which  is  the  same  in  all  directions. 

In  general,  when  the  radiance  of  a  surface  at  a  point  is  expressed  as  a  function  of 
direction,  N  =  N{6.  <p),  the  radiant  emittance  at  that  point  is  given  by 


W 


=  [  N  cos  0  dCl 
a  A  J 


—  j  J  N(6,  ifi)  cos  0  sin  6  d6  dip 


w  cm 


(2-34) 


where  t.ie  integration  covers  the  entire  solid  angle  containing  the  radiation  beam  of 
interest.  If  this  is  a  perpendicular  inverted  circular  cor.c  of  half-angle  a. 


W  =  J  J  N(0,  p>)  cos  0  sin  0  d.8  dip 


w  cm 


> 


(2-35) 
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If  the  surface  is  Lambertian  ( N  ■  constant), 


W  =  2i tN  cos  6  jin  0  dd  =  ttN  sin*  a  w  cm  * 


(2-36) 


The  radiant  emittance  into  a  hemisphere  («  =  nl 2)  from  a  Lambertian  sunoce  is  then 


It  is  not 


2.8.  Distributed  Radiators 


W  =  ttN  wcm! 
W  =  2nN  w  cm  * 


(2-37) 
(2-36 1 


If  a  volume  rather  than  a  surface  is  the  source  of  radiation,  then  when  pressure  and 
temperature  along  the  path  are  constant, 


W\  =  WV(l-ea*') 

where  =  spectral  radiant  emittance  of  the  radiator 
WV  =  spectral  radiant  emittance  of  a  blackbody 
a  K  —  spectral  absorption  coefficient 
x  —  radiating  path  of  the  material 
The  emissivity  of  such  a  piutialiy  transparent  body  is 

tK  =  1  —  eaT 


(2-3S) 


(2-40) 


2.9.  Selective  Radiators 

The  radiation  from  selective  radiators  can  be  calculated  only  by  complicated  processes. 
Below  are  listed  some  of  the  useful  relations.  Permer  [3]  is  a  good  source  for  the  theory. 

2.19.  Directional  Reflectance  and  Emissivity 

The  basic  interrelationships  among  the  six  quantities,  normal  and  diffuse  reflectance 
and  transmittance,  and  hemispherical  and  directional  emissivity,  are  conciatly  stated 
in  an  appendix  to  a  paper  by  Richmond  beginning  on  page  ltl  of  [16].  These  relation¬ 
ships  are  not  easily  visualized,  and  some  readers  may  find  the  following  alternative 
approach  and  terminology  helpful.  Only  opaque  bodies  of  zero  transmittance  are 
treated. 

The  radiance  N,,  a  function  of  both  position  and  direction,  is  incident  on  the  surface 
of  an  opaque  body  where  some  of  the  radiation  is  absorbed  and  the  i'est  is  reflected 
(as  used  here,  reflected  includes  diffuse  reflectance  or  scattering)  to  form  a  second  radia¬ 
tion  field,  where  the  radiance  Nr  of  the  reflected  radiation  is  also  a  function  of  position 
and  direction.  A'r  is  directly  proportional  to  Ni  in  the  sense  that,  if  the  value  of  Nt  is 
multiplied  oy  a  constant  that  is  independent  of  position  and  direction,  the  resulting 
values  of  Nr  will  all  be  multiplied  by  the  same  constant  factor.  However,  it  will  be 
seen  below  that  the  interdependence  c  the  spatial  and  directional  distributions  of 
Nr  and  Ni  is  more  complex. 

The  radiant  power  incident  or  a  particular  element  BA  of  the  reflecting  surface 
shown  in  Fig.  2-11,  through  an  elementary  beam  of  solid  angle  80(,  from  a  direction 
(0i,  <pi ),  is  given  by 

6Pt(6t,  ifii)  —  .V|<  0i,^i)  cos  8i  BABCh 


-N,(8,,ifi,)BCl',  BA 


(?-il) 


where  80  'i  --  cos  9i  80 


-  sin  8i  cos  8i  dd <  dip,. 


I 
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Fig.  2-11.  Geometry  of  incident  and 
reflected  elementary  beams.  The  Z 
axis  is  chosen  along  the  normal  to 
the  surface  element  at  O. 


The  quantity  8fl'(  is  the  projected,  solid  angle  [5,17]  of  the  elementary  beam.  Cor¬ 
respondingly,  the  irradiance  at  BA  is 

BHiidi,  ifii)  =  P/tldi.  <fii)Bil'i  w  cm  1  (2-42) 


Then  the  radiant  intensity  of  the  surface  element  BA,  due  to  reflection  (scattering)  of 
radiation  from  this  incident  elementary  beam,  in  the  direction  ( Or,<fr )  ia 

8Jr(0r,  <?r)  =  <fi.  Or,  yv)  cos  0rBPi(0i,  y>, )  w  sr1  (2-43) 

and  the  reflected  (scattered)  radiance 


where 


BNAOr,  <pr)  =  p\6,,  ipi,  dr,  <fr)BHi(0t,  <fi)  w  cnr*  sr  ’ 


p'{6i,  (f>,  ,  Or,  <fA 


BNAOr,  <t>r)  _  BNAOr,  <l>r) 
BHAOi.t,  '  NAOi.tABil'i 


sr-’ 


(2-44) 

(2-45) 


p'  is  the  partial  reflectance,  or  reflection-distribution  function  [18]  of  the  surface  ele¬ 
ment  BA  for  radiation  incident  from  the  direction  {0, ,<t>A  and  reflected  (scattered) 
in  the  direction  ( 0r ,  <M-  Furthermore,  by  a  reciprocity  theorem  of  wide  generality 
[19,  20]  'Iret  enunciated  by  Helmholtz:* 


p'(0i,  <t>i,  0t,  fa)  —  p  (0t,  <fri,  Of,  <bi)  sr (2-46) 

Thus  p'(0  <f>i.  0i,  j>i)  is  the  partial  reflectance  between  the  two  directions  (fh,  0,) 
and  (0i,  <t> i),  where  either  direction  may  be  that  of  the  incident  elementary  beam  and 
the  other  that  of  the  reflected  (scattered)  elementary  beam. 

Hence  the  radiance  at  a  point  of  the  reflecting  surface  (taken  as  the  origin  for  spheri 
cal  coordinates)  in  the  direction  <0r,  <f  A)  and  due  to  reflection  (scattering)  of  all  beams 
of  incident  radiation  is 


•A  search  for  a  proof  (in  English’  of  this  important  theorem  also  turned  up  a  number  of  authors 
who  referred  to  cr  made  use  of  the  theorem  in  various  ways  without  giving  a  proof  [21-24),  includ 
ing  von  HelmholU  himself  [25],  although  Planck  [26]  states,  without  specific  citation,  that  von 
Helmholtz  "7  oved”  the  theorem.  DeHoop  [20]  not  only  gives  a  proof  (essentially  the  same  as  that 
of  Kerr  [19])  bv.t  also  includes  an  explicit  statement  of  the  requisite  conditions. 
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N,(0r,  <pr)  =  f  f  p'N ,  sin  0,  cos  0i  d6,  d<t> . 

Jo  Jo 

=  J  p'NidCl',  w  cm  :  sr  1  (2-47) 

The  following  notation  is  used  to  designate  integration  over  a  hemisphere: 

Irr  rrli 

I  f\0,p)  sin  0  d0  dip 

and 

I  f\0,p)dn '  *  f[0,  <p)  sin  0  cos  0  d0  d<p 

Jtt  Jo  Jo 

Relation  (2-47)  is  for  a  particular  point,  or  for  the  surface  element  8A  at  that  point. 
For  a  more  general  expression,  one  must  also  establish  the  reflected  radiance  from  other 
points.  When  p'  and  JV,  are  expressed  as  functions  of  spatial  location  (a®  well  as  di¬ 
rection)  for  all  points  on  the  reflecting  surface,  Eq.  (2-47)  gives  the  reflected  radiance 
Nr  as  a  function  of  position  for  these  same  points  on  the  reflecting  surface,  as  weli  as 
for  direction  (0r,  < pr)  at  each  such  point.  It  is  important  here  to  recognize  that  Eq. 
(2-47)  is  written  above  in  coordinates  which,  for  convenience,  art  specially  r  iented 
with  respect  to  the  surface  element  8 A.  Appropriate  adjustments  must  be  made  when 
dealing  with  irregular  surfaces  where  the  direction  o.  -he  normal  cnanges  in  going 
from  one  surface  element  to  another. 

Whether  surface  irregularities  are  treated  as  microscopic  !in  the  sense  that  their 
effects  are  integrated  or  averaged  in  the  distribution  function  or  partial  reflectance 
p'{0,,  Pi ,  0i,  <p>)  j,  or  as  nacroscopic  (in  the  sense  that  they  may  be  analyzed  into 
smaller  surface  elements  8.4  for  treatment  as  above)  can  be  arbitrary,  depending  on 
the  degree  of  resolution  desired,  or  can  be  dependent  on  circumstances  limiting  achiev¬ 
able  resolution.  For  example,  in  examining  the  reflectance  of  a  highly  irregular  sur¬ 
face  containing  deep  cavities,  such  as  a  piece  of  volcanic  scoria,  or  a  coarse,  blackened 
cellulose  sponge  in  the  laboratory,  it  may  be  possible  to  consider  the  reflectance  of 
different  portions  of  the  walls  of  single  cavities  (which  are  then  regarded  as  macroscopic 
irregularities).  But  when  one  studies  the  possible  effects  of  similar  surfaces  which 
may  exist  on  the  moon,  where  such  fine  detail  cannot  possibly  be  resolved  by  the  best 
telescopes  on  earth,  these  are  necessarily  treated  as  microscopic  irregularities  127,28]. 
Still  more  complicated  considerations  are  introduced  when  microscopic  irregularities 
are  small  enough  to  have  dimensions  of  about,  or  less  than,  the  wavelength  of  the 
incident  light  or  other  electromagnetic  radiation  [29-32]. 

The  total  reflectance  p  of  a  surface  element  8A  is  definsa  n  general  as 

p  «  SPrlSPf  dimensionless  (2-48) 

where  8P,  is  the  total  radiant  power  incident  (from  all  directions)  on  /  1,  and  8Pr  is 
the  total  resulting  reflected  radiant  power  (in  all  directions).  As  stated  above,  the 
value  of  p  depends  on  the  geometry  and  spectrum  of  the  incident  beam  of  radiation, 
which  may  be  different  in  each  particular  case.  Here,  for  the  moment,  the  primary 
concern  is  the  geometry.  Hence  spectral  considerations  will  be  eliminated  for  the 
remainder  of  this  section  by  restricting  the  spectrum  of  the  incident  radiation,  except 
where  otherwise  stated,  to  a  region  over  which  p  does  not  change  significantly  with 
wavelength.  It  is  then  useful  to  consider  some  special  cases  of  incident-beam  geom¬ 
etry. 
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If  the  incident  radiation  is  well  collimated,  within  a  small  element  of  solid  angle  8ft( 
=  sin  9(  dd,  dp,  from  the  direction  (0t,  y(),  the  total  radiant  power  incident  on  8 A  iB 

bPi  =  bHf(0,,  y,)  8.4  w  (2-49) 

Then,  from  Eq.  (2-45), 

bllriOr,  <fir)  ~  p'  bHt(0i,  (f>t) 


But 


=  p'  bPilBA  w  cm-1  sr-1  (2-50) 

bPr~  bA  J"  bNr(9r,*r)  d\V r 

-  8Pi  J ^  P'(9„<r,.  er,^>r)  dCl'r 

=  BPipdi(9<,  yi)  w  (2-51) 


where  paiOi,  <#<)  is  the  (total)  directional  reflectance  for  a  well-collimated  incident  beam: 

pdt\9.,  y,)  *  J  p'(0i,  y«,  Or,  <fir)  dil'r  dimensionless  (2-52) 


For  isotropic  surfaces,  there  is  no  dependence  on  the  azimuth  y,  and  Eq.  (2-52)  simpli¬ 
fies  to  the  frequently  recognized  dependence  on  6:  pdA0i,  y()  =  pdt(Oi).  If  the  well- 
collimated  beam  is  incident  perpendicularly  on  a  plane  surface,  this  becomes  the  com¬ 
monly  reported  normal  reflectance  p,  =  pd,(0).  If  a  point  on  the  surface  of  an  opaque 
solid  is  uniformly  irradiated  from  all  external  directions,  i.e.,  if  N,  is  a  constant,  the 
reflected  radiance  in  the  direction  ( 0r ,  <pr),  from  Eq.  (2-47)  is  given  by 

NA0r,<Pr)  =  Nl  £  p’d( V, 


where 


=  NipdA0r,  yr)  w  cm-1  sr1 


PdAOr,  <fr) 


L 


p'iO 1  ,  <pi.  Or,  <fir)  dfl  j 


dimensionless 


(2-53) 


(2-54) 


But,  from  the  reciprocity  relation,  Eq.  (2-46),  and  Eqs  (2-52)  and  (2-54), 


PdAOi,  yi)  =  pdAOi,  ip,)  —  pd(Ot,  yi)  dimensionless  (2-55) 


Thus  the  (total)  directional  reflectance  pd(Ot ,  yi)  for  a  well-ccllimated  beam  incident 
from  the  direction  (0i,  yi)  is  also  the  ratio  between  the  reflected  radiance  NA0>,  yu) 
in  that  same  direction  and  the  incident  radiance  Nt  when  the  surface  is  uniformly 
irradiated  from  all  directions  (hemispherical  irradiation).  This  relation  [Eqs.  (2-53) 
and  (2-55)]  is  the  basis  for  a  reflec ‘.cc  y  technique  described  by  McNicholas  [22]. 

More  important,  Eqs.  (2-51),  (2-53),  and  (2-55)  are  the  basis  for  evaluating  and 
equating  the  directional  absorptance  and  directional  emissivity  of  the  surface  ele¬ 
ment  bA  in  a  simple  relation  which  has  the  same  form  as  the  KirchhofTs  law  relation, 
Eq.  (2-6).  If,  in  Eq.  (2-53),  the  uniform  incident  radiance  Nt  is  equal  to  NAT),  the 
blackbody  radiance  (either  total  or  spectral,  i.e.,  in  a  small  wavelength  interval  at  a 
given  wavelength)  in  an  isothermal  enclosure  at  7’°K,  and  if,  in  fact,  the  reflecting 
surface  forms  the  wall  of  such  an  enclosure  s-  that  it  too  is  at  this  same  temperature, 
then  the  radiance  in  the  direction  (0i,  yr)  from  the  element  of  wall  surface  bA  is  made 
up  of  an  emitted  radiance  and  a  reflected  rr.diance,  as  follows: 

Nt  +  Nr--=ed{Ot,<f>i)NAT)  +  pdAOt,ifii)NAT)-N^T)  wan-'sr'1  (2-56a) 
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Similarly,  the  radiance  from  the  direction  (6 1,  <p\)  incident  on  the  element  8  A  iB  made 
up  of  an  absorbed  incident  radiance  and  a  reflected  incident  radiance  (scattered  in 
all  directions): 


Nia  +  Nir  —■  ifii )NAT)  +  p<fi(0i,  if>i)Nt,(T) 
=  Nb(T)  wcm  *  sr1 


(2-66b) 


Here,  fd(6,,  <p,)  is  the  directional  emissivity  (at  temperature  T)  of  the  element  6A  for 
radiation  emitted  in  the  direction  (0i,y>i)  aid  a^Oi^i)  iB  the  absorptance  (at  T) 
for  radiation  incident  from  that  direction.  Consequently,  from  Eq.  (2-55), 


*d(®l*  <£:)  —  1  —  PdA&i,  4>i) 

=  1  —  PdlUf  l,  <t>  l)  =  <ld(#i,  <t>i) 


dimensionless 


(2-57) 


Note  that  equilibrium  maintenance  with  conservation  of  energy  (KirchhofTB  law) 
by  itself  would  justify  only  each  line  of  Eq.  (2-57)  independently,  and  the  Helmholtz 
Reciprocity  law  (which  is  the  basiB  for  Eq.  (2-46)  and,  in  turn,  Eq.  (2-55))  must  also 
be  invoked  in  order  to  equate  them  to  each  other  and  bo  to  relate  emissivity  for  radi¬ 
ation  emitted  into  a  given  direction  to  the  absorptance  for  radiation  incident  from 
that  same  direction. 

In  the  more  familiar  form  of  Kirchhoffa  law, 


f  =  l  —  p  =  a 


dimensionless 


8A  J 

f  Nr  SCI'  Ni 

I*  pdie.^dn’ 

8A  I 

\  Ni  SCI' 

Ni  [  dr.' 

J 

h 

Jb 

if 

n  Jb 

Pd(0,  <p)  dCi' 

dimensionless 

directional  quantities  are  not  considered.  Instead,  the  total  emissivity  for  radiation 
emitted  in  all  directions  (into  a  hemisphere)  iB  related  to  the  total  reflectance  (in  all 
directions  into  a  hemisphere)  for  um  "  radiance  (from  all  directions,  i.e., 

from  a  hemisphere)  and  to  the  tot  U  absorptance  for  uniform  incident  radiance  (from 
all  directions,  i.e.,  from  a  hemisphere).  Ths  total  reflectance  p  in  Eq.  (2-6),  for  uni¬ 
form  incident  radiance  (Ni  —  a  constant  independent  of  direction)  is  then 


p  =  8Pr/8P(  = 


=  —  pd(6,<p)dCl'  dimensionless  (2-59) 

n  Jb 

The  quantities  in  Eq.  (2-6)  are  those  involved  in  heat-transfer  computations  where 
the  interest  is  in  the  net  flow  of  energy  across  a  bounding  surface,  involving  radiation 
received,  emitted,  or  reflected  in  all  directions. 

Equations  (2-6)  and  (2-57)  apply  in  all  cases  to  spectral  radiation  (i.t.,  the  radiation 
in  a  very  small  wavelength  interval  about  a  specified  wavelength)  and  hence  also  to 
any  Bpectral  interval  in  which  p  or  p*  (and  therefore  also  e  or  and  a  or  a<)  do  not 
change  significantly  with  wavelength.  When  thermal  equilibrium  exists,  i.e.,  when 

N(  ~  NAT)  •■=  j  Nm(T,  X)  dX 

where  N>t>(T,  X)  is  the  spectral  radiance  of  a  blackbody  at  T° K,  they  also  apply  to  total 
radiation  (all  wavelengths),  even  though  the  Bpectral  reflectance  varies  with  wave¬ 
length.  However,  if  the  spectral  reflactanc'’  iB  not  a  constant  and  the  spectral  distri¬ 
bution  of  the  incident  radiation  is  arbitrary  (nonequilibrium  condition),  Eq.  (2-6) 
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and  (2-57)  do  not  necessarily  hold  for  the  total  (all  wavelengths)  reflectance,  absorp- 
tance,  and  emhsivity. 

The  significance  of  the  partial  reflectance  p'  and  directional  reflectance  pd  can  be 
clarified  by  relating  them  to  the  more  familiar  ideas  of  diffuse  and  specular  reflectance, 
First,  a  perfectly  diffuse  reflector  is  one  for  which  p'  =  a  constant,  so  that 

pd  =  p'  J  dCl'  =  np'  dimensionless  (2-60) 

Hence  pd  is  also  a  coi\stant,  i.e.,  the  same  in  all  directions,  so  the  total  reflectance  p  —  pd  = 
np'  for  any  arbitrary  configuration  of  incident  radiation.  Second,  a  perfectly  specular 
reflector  is  characterised  by 

Nr(6,  <p±n)  =  pd(6,  <p)Ni(8,  (fi)  wcm-'sr1  (2-61) 

By  comparing  this  with  the  general  relationship  between  incident  and  reflected  radi¬ 
ances,  it  can  be  seen  that  Eq.  (2-61)  will  result  if  the  partial  reflectance  p’  in  Eq.  (2-47) 
has  the  form 


p'  =  2p<j(0,,  ^iJSUin*  dr  ~  sin*  0()S(«>r  -  yn±7r)  sr  '  (2-62) 

where  5(sin*  8r  —  sin*  0i)  and  6(^r  -  <fii±n)  are  Dirac  delta  functions  which  satisfy  the 
defining  relations 

5(u)  =  0  for  u  #  0 
I  8(u)  du  =  1 

and 


j  f(u)8(u)  du  =  fX 0) 

when  the  integration  is  carried  out  over  the  full  range  of  the  variable,  0  6  «=  rr/2 

and  0  «£  *>  2tt,  in  each  case. 

Only  what  might  be  termed  the  external  radiometric  relations  have  been  considered 
in  the  foregoing  treatment,  and  no  attempt  has  been  made  to  deal  with  the  deeper 
theory  relating  reflectance,  emissivity,  and  absorptance  to  the  optical  constants  of  the 
materials.  A  good  summary  of  the  most  important  aspects  of  that  approacl  is  given 
in  [33). 


2.11.  Summary  of  Equations  and  Constants 
W  =  crT*  (2-21) 

Wx  =  2ncihk-Hck'<*7  -  l)-«  (2-8) 

W,  —  2 nc-lhv*(eh,,,kT  -  l)'1  [follows  from  (2-8)  and  (2-11)1 

N x  =  Wxln  (2-19)  (only  Lambertian  surfaces,  cg„  blackbody) 
Uk  =  1.2398  ev  p  (2-14) 

Ux  =  4 Wxlc  (2-10a)  (within  isothermal  enclosure) 
u<  =  2 Wxlc  (2-106)  (into  Lambertian  hemisphere) 
n,  =  WJhv  =  2nc-*vt(eh’lkT  -  1)-'  (2-15) 

nx  =  Wx/hc  =  2ircX  *(eSclkkT  -  1)  1  (2-16) 

Wxdk  =  W,dv  (2-12) 

(AnT*  =  n[l  +  (ek,lkT  —  1 ) - 'I  *  n 
km„T  =  2897.9  (p  6K)  (2-24) 


(2-17)  and  (2-18) 


Xmi.  ,t\fj  T  =  2404  (p  °K) 

c  ~  vk 
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(2-26) 


a  ~  v  =  kl 2tt  =  1  / X  (wavenumber) 
dv  =  — c  tfX/X2 
c/X  =  -c  dvjv1 


dklk  -  dvjv 


J  =  Pn  =  dP/dfi 


W=P.4 


=  aP/aA 


N  =  Pm 


a*P 

coa  o  aA  afi 


a*P 

aA  afi’ 


where  dCl '  =  cos  6  dfl 


h  —  6.6252  x  10-34  w  sec* 
rr  —  3.1416 

c  =  2.997S3  x  10*  m  sec-1 
2rrik4 

a-  ~  —  ■—■■  =  5.6686  x  10-“  watt  cm  *  (°K)  (Stefan-Boltzmann  constant) 
15c2/i3 

A  =  1.38047  x  1C  '*  erg  ("K)'1  (Boltzmann’s  constant) 
e  =  2.71828  (base  of  Napierian  logarithms) 
hlk  -  4.079  x  10“  sec  °K 


Quantity 

Ci 

C  l 

Energy  density 

Srrch 

4.99  joule  p*  mr* 

Emittance 

2n  clh 

3.7413  X  10*  v  p* 

Radiance 

2clh 

1.19  x  10*  w  p*  m 

Ct  —  ch/k  —  1.4388  x  104  m°K 
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3.  Artificial  Sources 


3.1.  Theory 

The  classic  blackbody  simulator  is  a  spnerica)  cavity  made  of  an  opaque  material 
and  pierced  by  a  small  aperture.  If  the  enclosure  is  insulated  from  outside  thermal 
influences,  all  parts  of  the  internal  cavity  walls  eventually  reach  the  same  temperature. 
When  equilibrium  is  reached,  all  points  inside  the  cavity  have  equal  energy  regardless 
of  the  nature  of  the  walls,  and  the  radiation  passing  out  of  the  small  aperture  approxi¬ 
mates  blackbody  radiation;  the  smaller  the  hole  the  better  the  approximation. 

A  practical  cavity  approaches  n  blackboay  to  the  extent  that  the  radiation  entering 
through  the  aperture  is  absorbed  within  the  cavity.  Since  all  practical  materials  have 
absorptivities  less  than  unity,  the  performance  of  a  blackbody-simulating  cavity  is 
bared  on  the  number  of  reflections  that  radiation  entering  the  cavity  through  the 
aperture  can  make  before  returning  through  the  aperture  to  the  outside. 

DeVos  [1],  Edwards  [21,  Gouffe  If],  Williams  [4],  Sparrow  [51,  and  Zissis  ,  have 
written  theoretical  analyses  of  cavity  radiation.  Williams’  paper  contains  a  criticism 
of  the  others.  The  most  thorough  treatment  seems  to  be  that  of  DeVos,  although 
Williams’  criticisms  of  it  are  valid.  Truenfels  [7]  has  also  written  a  pertinent  article. 
Three  techniques  are  given  below  (DeVos,  Gouffc,  and  Sparrow).  No  direct  detailed 
comparison  of  them  is  available. 

3.1,1.  The  Method  of  Gouffe.  For  the  total  emissivity  of  the  cavity  forming  a  black - 


body,  Gouffc  gives. 

to  =  t  o  (1  +  k) 

(3-1) 

where 

£ 

€o  t[l  -  (s/S)]  +  (s/S) 

(3-2) 

and  k  --  (1  —  f  •  [(s/S'  —  (s/So)],  and  is  always  nearly  zero;  it  can  be  either  positive  or 
negative 

€  =  emissivity  of  materials  forming  the  blackbody  surface 
s  =  area  of  aperture 
S  =  area  of  interior  surface 

So  =  the  surface  of  a  sphere  of  the  same  depth  ;  the  cavity  i..  the  direction  r  innal 
to  the  aperture 

Figure  3-j  is  a  graph  for  determining  the  ^missivities  of  cuvities  with  si  nple  geomet¬ 
ric  shapes  (Values  not  legible  can  be  calculaied  without  gnat  difficulty.)  In  the  lower 
section,  the  vaiu**  of  the  ratio  s/S  as  a  function  ot  the  ratio  LIR  is  read  (L  and  R  aie 
defined  in  Fie.  3  1).  Reading  up  from  this  valus  to  the  value  of  the  intrinsic  emissivity 
of  the  cavity  mcV-rial,  the  vaiuo  of  e’o  ic  found.  Multiplying  t'0  by  the  factor  (1  +  k ) 
then  yields  the  emissivity  of  the  cavity.  Values  of  siS ,  etc.,  are  given  in  Table  3-1. 

When  the  aperture  diameter  is  smaller  than  the  interior  diameter  of  the  cylindrical 
cavity  or  the  base  diameter  of  the  cone  forming  a  conical  cavity,  it  is  necessary  to 
multiply  the  values  of  s/S  determined  from  the  graph  by  ir/R)1,  which  is  the  rario  of 
the  squares  of  the  apertun  and  cavity  radii  (Fig.  3-1). 
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3.1,2.  The  Method  of  DeVos.  DeVos  consider  a  cavity  of  arbitrary  shape,  with 
opaque  walls,  in  a  nonatter ua ting  medium,  initially  at  a  uniform  steady  temperature, 
with  one  Bmall  opening.  He  adds  additional  openings  and  temperature  variations  along 
the  cavity  walls,  and  indicates  several  practical  approximations  which  are  necessary 
for  calculation  of  numerical  values.  See  Fig.  3-2  for  definitions  of  terms. 

The  power  emitted  from  dO  is 

emPr*  =  <*#(X,  7W„.a(X,  T)  dw  cos  (3-3) 

whe:  fir0(X,  T)  —  the  spectral  cmisaivity  of  dw  in  the  direction  of  dO  (indicated  by  oub- 
and  superscripts  throughout)  for  temperature  T  and  at  wavelength  X 

Afx,«(X,  T)  *  the  spectral  radiance  of  a  black  body  for  temperature  T  and  wave¬ 
length  X,  given  by  either  modification  of  Eq.  (3-2)  cr  approximately 
by  the  Wien  law, 

Nk.t  =  (constant)  e-e»/xr  (3-4) 


I 
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Fig.  3-2.  Dt'iition  of  terms  for  the  DeVoe  method. 


dw  =  area  of  the  emitting  infinitesimal  element 

0k-4  =  the  angle  of  the  direction  from  dw  to  dO  with  respect  to  the  normal  to  dw 

dCl*0  =  the  solid  angle  subtended  by  dO,  the  hole,  as  seen  from  dw 

The  power  from  dw  through  dO  which  is  due  to  the  reflection  of  the  power  received 
at  dw  from  some  arbitrary  elemental  wail  area  dn  is 

r"7V°  =  X,  T)d(l**  dw  cos  0K*  rr"°(X,  T,  (3-5) 


where  P*"0  -  the  power  f».<m  dn  to  dO  via  dw 

AV,-(A,  T)  =  the  spectral  radiance  from  dn  to  dw  for  a  temperature  T  and  at 
wavelength  A 

d(lr*  --  the  solid  angle  subtended  by  dn  sib  seen  from  dw 

0K"  -  the  angle  to  the  normal  to  dw  made  by  the  direction  from  dw  t'  dn 

r***{ A,  T)  —  the  partial  reflectivity  of  dw  for  radiation  from  dn  at  0**  reflected 
from  du  toward  dO  al  0k.0,  at  wavelength  A  and  for  temperature  T 

Partial  reflectivity  can  be  defined  as  follows: 


Ny*0  cos  8r° 
N*k  cos  0**  d(lwn 


(3-6) 


As  shown  in  Fig.  3-2,  the  leflecteo  rays  are  not  necessarily  in  the  same  plane.  How¬ 
ever,  symmetry  of  the  partial  reflectivity  about  the  plane  containing  the  normal  and 
the  incident  direction  is  assumed. 


„  N,-° 

r  trre  =  ---  COS 
n  k 


(3-7) 


To  obtain  the  power  from  dw  due  to  the  reflection  V,m  dw  of  the  radiation  from  all 
piarts  of  the  cavity  walls  except  dO,  integrate  Eq.  (U-5)  over  the  walls  excluding  dO: 

"ilPK*  =  dw  d(\K°  f  Nk.m*<  A,  T)  cos  0»nrwon(k,  T)  u  (3-8) 

Jtll  4”. 


The  reciprocity  relation  is: 


»■**  coe  0*  «  r**  coe  9* 


(3-9) 
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By  using  the  reciprocity  relation  in  Eq.  (3-9): 

ref'Pw°  =  w  dnuo  cos  0U°  I  Nx.a^iX,  T)ru°'(\,  T)  dflu" 
To  a  first-order  approximation  the  follov*  ing  relationship  is  true: 

NK.„*(\,T)  =  N>,B{k,T) 


(3-10) 


ru°"(A,  T)  dflw"  -  TV  (A,  T)  -  rK.~(k,  T)  diV 


(3-11) 


Therefore 


lo,a,PicO  =  Nk  g  dw  COS  0r°  d{lu°(  1  -  T,-*  dD*0) 


The  hole  can  be  considered  to  have  an  emissivity  given  by 

Co  =  1  —  r*-”  dO.*.0 


(3-12) 


(3-13) 


to  a  first  approximation.  If  additional  holes  exist,  or  an  opening  like  a  slit  which 
should  be  considered  as  several  holes,  then  the  refit  d  contributions  cf  these  elements 
must  also  be  excluded.  This  leads  to: 


<o  =  1  -  X  r»#'‘ 


(3-14) 


for  the  emissivity  of  dO  in  the  direction  from  dv  when  there  exists  several  holes  num¬ 
bered  from  h  =  0  to  some  finite  integer. 

For  the  second-order  approximation  DeVoe  considers  the  use  of  a  value  for 
which  is  not  Nx.b,  but  which  is  calculated  by  considering  the  effects  of  the  holes  on 
this  spectral  radiance  (from  each  element  dn)  and  the  effect  of  Tn  *  7V  The  calcu¬ 
lation  neglects  variation,  due  to  temperature  differences,  of  the  emissivities  and  re¬ 
flectivities  of  tlie  wall  elements. 

The  second-crder  approximation  for  the  quantity  ,0,alPu?  is 

f0h.jp  ^0  —  B(  X,  T)  du)  COS  dr*  dO*0  (l  ”  ^  r^0*  dtlr*  —  f  -,rA' 

'ft  ft  ' 

dn/rV"  d(lr"  -J  kn^r^*  dil**)  (3-15) 


where  the  integration  is  over  the  entire  surface  excludi  ng  the  holes. 

DeVoe  uses  Wien’s  equation  to  evaluate  kH  for  cases  where  T  —  T*  <<  T.  Thus, 


Nk.b  ~  c-f./xr 


(3-16) 


dNt.fl  =  _£t_dT 
W.b  XT  T 

where  '.he  constant  c»  —  he! I k  for  T  in  °K  and  A  in  cm.  Thuo 

.  c,  HT 
*  ~  A  T  T 


(3-17) 


(3-18) 
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DeVoe  applied  this  theory  to  the  V-wedge,  cylindrical  (closed  at  one  end),  spherical, 
and  tubular  shapes.  He  did  not  treat  the  cone,  a  combination  of  cones,  or  a  cone- 
cylinder.  He  included  temperature  gradients  only  in  the  tubular  calculation. 

For  a  cylinder  of  radius  R  and  length  L  (see  Fig.  3-1),  the  \alue  of  «0  to  first-order 
approximation  is: 

e0  -  (l  -  Rw"  =  (l  -  RS  —'j  (3-19) 


where  a  is  the  cone  angle. 

For  the  second-order  approximation  (neglecting  temperature  gradients),  one  needs 
dilwn  and  dfl*.0.  If  dn  is  an  annulus  of  the  cylinder  with  a  length  dx,  then 


and 


d(lrH  =  d(lrm'  = 


2-nr1  dx 

[iL-x)*  +  r*]s/* 


(3-20) 


dft,0  =  - 


nr‘ 


x*  +  r* 


(3-21) 


if  xlr  =  y,  then 


«o  ~  1  —  rwm  —  —  2tt*  f 
a*  Jo 


rw°»r 


o  (y*  +  1)  [(y-  a)1  +  1] 


3/1 


dy 


(3-22) 


DeVos  evaluated  this  expression  by  numerical  integration.  His  values,  corrected 
by  Edwards  [2]  for  a  small  numerical  error,  are  given  in  Table  3-1.  For  a  similar 
calculation  for  a  sphere,  DeVos  obtained  the  results  in  Table  3-2. 

Table  3-1.  DeVos’  Emissivtties,  Cylindrical  Blackbody  [1] 

(Emissivity  values  for  a  cylindrical  blackbody  with  second-order  correc¬ 
tions  ror  various  values  of  a  (=  Dir  =  depth  of  cylinder/radius  of  cylinder) 
and  e  irfacea  of  different  smoothness.  These  are  DeVos’  values  corrected 
for  a  numerical  error.  DeVos'  figure  numbers  head  the  columns.' 


a 

Fig.  2 

Fig.  3 

Fig.  4 

Fig  5 

6 

0.970 

0.954 

0.865 

0.668 

10 

0.990 

0.985 

0.953 

0.864 

15 

0.995 

0.994 

0.980 

0.947 

20 

0.99'7 

0.997 

0.989 

0.972 

30 

0.999 

0.999 

0.996 

0.988 

Table  3-2.  DiVoe’  Emissivittis,  Sphkric  sl  Blackeooy  [1] 

(Emissivity  values  for  a  spherical  blackbody  ’with  second-order  collec¬ 
tions  for  variou«  values  of  a  (=  Dir  -  diameter  of  sphere/radius  of  hole) 
and  surfaces  of  different  smoothness.  These  are  DeVoe’  values  corrected 
for  a  numerical  error,  DeVoe’  figure  numbers  head  the  the  columns.) 


a 

Fig.  2 

Fig.  3 

Fig.  4 

Fig.  5 

10 

0.992 

0.989 

0.963 

0.8  '4 

20 

0.998 

0.998 

0.991 

0.976 
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3.1.3.  The  Method  of  Sparrow  [8],  'The  starting  point  of  the  analysis  is  a 
radiant  flux  balance  at  a  typical  position  x0  on  the  cylindrical  wall.  Such  a  balance 
states  that  the  radiant  energy  leaving  a  location  is  equal  to  the  emission  plus  the  re¬ 
flected  incident  energy. 


(<i(x'o)  =«  +  (!-«)  j  fa(x')  j  1  -  |X  0  “  X 


2(x'  —  x'o) 


o!  T 


2[(x‘  —  x'o)‘  +  l]3 


i} 


dx' 


+  4(1  -e) 


(3  ■ i'")  r 


(a(r') 


I4  (3  - 1 ")' 


+  1  -  r*  r* 


{[4  (|.  ,  .)*  +  1  +  , 


dr'  (3-23) 


fa(r')  - 


+  8(1-.)  «.(*•)  (2  -  *') 


(M‘ 


+ 1 


rr  //,  \*  y  i*'« 

I  4  (d-*')  -K1  +  r,,J  -4r”] 


dx'  (3-24) 


where  (a  =  NlcrTA,  x'  =  xld,  r  —  r/R. 

"It  may  be  seen  that  e„(x')  and  <a(r’)  appear  in  both  Eqs.  (3-23)  ar.d  (3-24),  which 
therefore  require  simultaneous  solution.  Additionally,  since  tl  e  unknowns 
appear  under  integral  signs,  these  ’cations  are  integral  equations.  Further 
inspection  reveals  that  there  are  two  parameters  which  may  be  independently 
prescribed:  Lid,  which  describes  the  relative  length  of  the  hole;  and  t.  which 
characterizes  the  radiation  properties  of  the  materials. 

'The  mathematical  problem  as  represented  by  these  equations  is  complex,  but 
tliis  is  the  price  which  must  be  paid  in  order  to  achieve  a  complete  formulation  of 
the  physical  occurrences  within  the  radiating  enclosure...  .  By  assuming  tair')  - 
constant,  the  system  was  reduced  from  two  simultaneous  integral  equations  to  a 
single  integral  equation.  Further,  all  angle  factors  were  written  approximately 
in  terms  of  exponentials  of  the  form  e~lx»~jr' ,  etc.,  rather  than  as  'he  precise, but 
more  complex,  expressions  which  appear  in  Eqs.  (3-23)  and  (3-24).  The  effect  of 
these  simplifications  has  heretofore  remained  unevaluated  for  finite-length  cavities. 

"The  formidable  mathematical  problem  here  is  not  amenable  to  a  closed-form 
solution,  and  it  was  necessary  to  use  numerical  means.  The  calculation  scheme 
was  essentially  a  direct  iteration,  the  steps  of  which  may  be  outlined  as  follows: 
First,  values  of  the  parameters  Lid  and  e  were  chosen  in  order  to  specify  the  prob¬ 
lem.  Next,  a  trial  solution  for  (Ax')  was  guessed  over  the  range  0  a  x  «  Lid. 
As  will  be  described  later,  it  was  possible  to  make  very  favorable  guesses  by  taking 
advantage  of  prior  solutions.  These  guessed  values  for  ta(x’)  served  as  input  data 
to  the  right  side  of  Eq.  (3-24).  For  a  given  value  of  radial  position  r' ,  the  integra¬ 
tion  was  earned  out  numerically  to  yield  the  value  of  4,  at  that  r\  This  couid  be 
repeated  for  each  point  in  the  range  0  <  r  «  1 ,  and  in  this  way  there  was  generated 
a  function  €.(r  '  corresponding  to  the  guessed  distribution  e.(x').  The  e.(r')  and 
e0(x')  were  then  utilized  in  evaluating  the  iutonuis  of  Eq.  (3-23).  For  a  fired 
x'o,  numerical  integration  of  Eq.  (3-23)  r  evideu  an  c«  corresponding  to  that 
x'o.  By  lepeating  the  process  for  all  x'o  in  the  range  0  «  x'#  «s  Lid,  a  new  func¬ 
tion  e.(x')  or  (aix'o)  was  obtained  which  could  be  used  as  input  data  to  Fq.  (3-24), 
thereby  beginning  another  cycle  in  the  iteration.  This  procedure  led  to  a  steady 
convergence  to  the  final  result,  and  stability  probbms  were  not  encountered. 
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"After  a  few  solutions  were  carried  out,  it  was  found  that,  for  a  fixed  e,  the  distribu¬ 
tion  of  e,,  along  the  cylindrical  wall  was  not  highly  sensitive  to  the  Ltd  ratio.  Thus 
the  Lid  =  »  results  from  Reference  [91  were  utilized  as  the  first  guess  for  €a(x)  for 
the  Lid  =  4  case;  the  converged  results  for  L!d  =  4  were  utilized  for  starting  values 
for  e„(x)  for  the  Lid  =  3  case;  etc.  This  ordering  of  the  solutions  -  from  high  to 
low  Lid  valuv>3  —  helped  somewhat  to  ease  what  still  remained  a  formidable  com¬ 
putational  task. 

'The  actual  numerical  calculations  were  performed  on  an  IBM  704  electronic 
digital  computer.  Solutions  were  carried  out  for  Lid  —  4,  3,  2,  1,  0.5,  and  0.25  for 
€  =  0.9, 0.75,  and  0.5.  For  this  emissivity  range,  it  was  found  unnecessary  to  extend 
the  calculations  to  lengths  beyonf.  Lid  —  4,  since  nearly  blackbody  conditions 
already  prevailed  over  the  end  disk.” 

The  article  presents  results  only  for  cylindrical  cavities,  shapes  which  are  not  of  the 
greatest  practical  importance. 

3.2.  NBS  Standards 

The  Nat  ional  Bureau  of  Standards  does  not  have  an  official  standard  blackbody  which 
it  uses  for  comparison  tests.  It  does,  however,  check  thermocouples  and  other  tem¬ 
perature-measuring  devices.  As  the  section  on  theory  (Sec.  3.1.3)  shows,  it  is  easy 
to  design  a  blackbody  which  gives  high  emissivity,  but  the  temperature  must  be  known 
accurately.  The  Bureau  does  prepare  and  issue  secondary  standards  in  the  form  of 
total  radiance  and  irradiance  lamps.  Instructions  for  the  use  of  these  sources  are 
given  below: 

3.2.1.  “Instructions  for  Using  the  Total  Radiation  Standards 
(Revised  February  24,  I960)” 

'These  instructions  cover  the  use  of  our  small  carbon  filament  standards  of 
thermal  radiation.  The  lamps  employed  (about  50  watts)  have  been  seasoned, 
marked  for  orientation,  and  calibrated  for  density  of  radiant  flux  at  a  fixed  distance 
in  a  specified  direction  from  the  lamp.  Suitable  markings  (a  line  on  one  side  and 
a  line  through  a  circle  on  the  opposite  side)  have  been  etched  into  the  glass  of  the 
lamp  bulbs  to  assist  the  operator  in  setting  up  the  lamps  relative  to  the  radiometer 
in  a  position  identical  to  that  under  which  the  standards  were  calibrated. 

"In  operation  the  lamp  is  to  be  screwed  into  an  ordinary  metal  socket  that  is  held 
upright  by  a  support,  which  cannot  reflect  light  into  the  radiometer.  The  lamp  is 
to  be  oriented  so  that  the  etched  line  on  one  side  and  the  line  and  circle  on  the 
opposite  side  are  in  line  with  the  radiometer.  The  circle  on  the  lamp  is  to  be 
situated  away  from  the  radiometer  and  on  the  horizontal  axis  through  the  radiom¬ 
eter  The  entire  lamp  bulb  is  to  be  exposed  to  the  radiometer.  Sufficient  ime 
must  be  given  (say  five  minutes)  for  the  glass  base,  which  supports  the  filament, 
to  become  thoroughly  warmed,  otherwise  errors  will  be  introduced  into  the  radiant 
energy  measurements.  The  distance  of  the  lamp  is  measured  from  the  radiom¬ 
eter  to  the  center  (glass  tip  if  present,  the  cached  mark,  or  other  special  mark 
noted  in  the  Report’  on  a  particular  standard  lamp)  of  the  lamp  bulb. 

"A  black  cloth,  of  about  1  meter  by  1  meter  edge,  should  be  placed  about  I  meter 
to  the  rear  of  the  lamp.  An  opaque  shield  about  1  m  by  1  m,  having  an  opening 
about  10  cm  wide  and  15  cm  high,  is  placed  at  a  distance  of  about  25  cm  in  front 
of  the  lamp.  To  screen  this  opening,  a  shutter,  about  20  by  20  cm,  is  placed  be¬ 
tween  this  shield  and  the  lamp.  Facing  the  opening  in  the  shield,  the  radiometer 
is  placed  at  a  distance  of  2  m  from  the  lamp.  In  this  manner  constant  extraneous 
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conditions  are  maintained  between  the  lamp  and  the  radiometer  when  the  shutter 
is  opened  and  closed.  The  shield  and  shutter  may  be  made  of  air-separated  sheets 
of  cardboard,  asbestos  board,  metal  or  other  suitable  materials. 

"Betore  the  lamp  is  lighted,  the  shutter  should  be  opened  and  closed  to  determine 
the  amount  of  stray  thermal  radiation  falling  upon  the  radiometer.  This  test 
may  be  applied  at  any  time  provided  the  lamp  has  been  given  sufficient  time  to 
come  to  loom  temperature.  The  wall  and  screen  to  the  rear  of  the  lamp  may  be 
cooler  than  the  shutter  which  will  cause  a  negative  deflection.  The  correction 
to  the  observed  lamp  deflection  is,  in  that  case,  positive,  It  i3  desirable  to  make 
the  calibration  in  a  dimly  lighted  room  to  avoid  errors  from  sunlight  which  is 
continually  varying  with  cloudiness,  thus  varying  stray  radiant  energy  within 
the  room  as  well  as  the  temperature  of  the  walls,  and  aiso  causing  air  currents 
near  the  radiometer. 

'The  values  of  radiant  flux  of  this  Bureau’s  primary  standard  of  radiation  are 
based  upon  direct  measurements  in  absolute  value;  and  upon  a  direct  comparison 
with  a  blackbody  using  the  Stefan-Boltzmann  constant  of  total  radiation  of  a 
blackbody  5  =  5.7  x  10  12  watt  per  cm1,  as  described  in  NBS  Bulletin  No.  227, 
Vol.  11,  p.  87,  1914  [10],  and  NBS,  Journal  of  Research  No.  578,  Vol.  11,  p.  79, 
1933  [11].  The  absolute  values  of  the  primary  standard  are  accurate  to  about 
1  percent.  The  values  of  the  secondary  standards,  compared  with  the  primary 
standard,  are  in  agreement  within  about  0.5  percent.  The  overall  accuracy  in 
the  use  of  these  standards  is  somewhat  dependent  upon  the  conditions  of  tem¬ 
perature  and  humidity  existing  during  their  operation.  Highest  accuracy  will 
appear  for  a  room  temperature  of  about  25’C  and  a  relative  humidity  of  about 
60  percent  near  which  the  original  calibrations  were  made.  For  extreme  condi¬ 
tions  of  temperature  and  of  relative  humidity,  corrections  may  be  required,  but 
can  usually  be  neglected  (see  NBS  Journal  of  Research,  Vol.  53,  p.  21 1,  1554)  1 121. 

'The  best  results  are  to  be  obtained  by  operating  the  lamp  on  0.30  to  0  35  ampere. 
This  is  the  current  through  the  lamp.  If  the  measurement  of  current  be  made 
when  a  voltmeter  is  in  the  circuit  with  the  lamp,  then  a  correction  may  have  to 
be  made  to  the  observed  current. 

'The  measurement  of  current  through  the  lamp  is,  of  course,  sufficient  to  deter¬ 
mine  the  radiant  flux,  the  voltage  being  useful  mainly  to  determine  whether  the 
lamp  has  remained  constant. 

'"Io  conserve  the  calibration,  which  gradually  changes  with  use,  these  lamps 
should  be  kept  as  reference  standards  only,  and  other  lamps  used  as  working 
standards  in  all  cases  where  extensive  radiometric  comparisons  are  made. 

'These  instructions  and  standards  of  radiation  apply  to  radiometers  used  in  air. 
If  a  window  be  used  on  the  radiometer,  as  for  example  in  a  vacuum  radiometer, 
then  a  correction  has  to  be  made  for  the  radiant  flux  absorbed  by  the  window, 
for  the  particular  lamp  used  as  a  standard  and  for  the  source  measured.  This 
absorption  is  a  function  of  the  temperature  of  the  lamp  filament.  For  example, 
it  was  found  that  for  a  glass  cr  quartz  window  about  1.5  ran  in  thickness,  the 
transmission  amounted  to  about  83  percent  when  a  certain  standard  lamp  was 
operated  on  0.35  amp.,  and  increased  to  84  percent  when  the  lamp  was  operated 
on  0.40  amp.  Using  a  fluorite  window',  the  transmission  is  higher  (about  9 1 .5 
percent)  and  varies  but  little  with  the  current  ordinarily  used  in  the  lamp.  For 
example,  using  a  certain  standard  lamp,  the  transmission  through  a  fluorite 
window  varied  from  91.0  percent  on  0.25  area,  to  92  percent  oil  0.4  amp.,  with 
an  average  value  of  91.6  percent  on  0.35  amp. 
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The  transmission  of  the  window  varies  also  umi  the  spectral  quality  of  the 
radiant  flux  emitted  by  the  source  unde,  investigation.  This  must  also  be  taken 
into  consideration. 

"The  thermal  radiation  sensitivity  of  a  surface  thermopile  varies  with  the  degree 
of  evacuation;  when  highly  evacuated  this  sensitivity  may  be  several  times  as 
great  as  in  air.  Since  at  low  air  pressures  the  sensitivity  is  variable  with  the 
pressure,  great  care  must  be  taken  to  test  the  thermopiles  sensitivity  under  the 
exact  conditions  existing  during  its  use. 

'The  same  area  of  the  radiometer  receiver  should  be  exposed  to  the  standard  of 
radiation  as  is  used  in  the  measurements  of  the  unknown  source.” 

3.2.2.  “Instructions  for  Using  the  NBS  Standards  of  Spectral  Irradiance 
(May  31, 1963)“ 

'These  instructions  cover  the  use  of  tungsten-fil ament  quartz-iodine  lamps  issued 
as  standards  of  spectral  irradiance  for  the  wavelength  range  of  0.2o  to  2.6  microns. 
The  lamps  employed  are  commercial  G.E.  type  6.6A/T4Q/lCL-200-wati  lamps 
having  a  tungsten  coiled-coil  filament  enclosed  in  a  small  (1/2  inch  X  2  inches) 
quartz  envelope  containing  a  small  amount  of  iodine. 

'The  spectral  radiant  intensity  of  the  entire  lamp  as  mounted  in  the  manner 
prescribed  below  is  measured  and  reported.  The  spectral  irradiance  from  these 
lamps  is  based  upon  the  spectral  radiance  o'  a  blackbody  as  defined  by  Planck’s 
equation  and  has  been  determined  through  comparison  of  a  group  of  quartz  iodine 
lamps  with  !1)  the  NBS  standards  of  spectra  radiance,  (2)  the  NBS  standards  of 
’luminous  intensity,  and  (3)  the  NBS  standards  of  total  irradiance. 

'The  lamp  is  mounted  vertically  with  the  NBS-numbered  end  of  the  lamp  down 
and  the  tip  away  from  the  detector.  Measurements  of  distance  (from  lamp  fila¬ 
ment)  are  made  along  a  horizontal  axis  passing  through  the  center  of  the  lamp 
filament.  The  correct  vertical  position  is  determined  by  setting  the  centers  cf 
the  upper  and  lower  seals  along  a  plumb  line  as  viewed  from  one  side  of  the  lamp. 
The  plane  of  the  front  surface  of  the  lower  pres?  seel  is  set  to  contain  the  horizontal 
perpendicular  to  the  line  connecting  the  lamp  .Yiament  center  and  detector. 

’The  lamp  is  mounted  in  the  supplied  holder  which  is  constructed  in  such  a  man¬ 
ner  as  to  reflect  a  negligible  amount  of  radiant  flux  in  the  direction  of  the  radiom¬ 
eter  or  spectrometer  slit.  A  black  shield  should  be  placed  at  a  distance  of  about 
3  feet  to  the  rear  of  the  lamp  to  intercept  stray  radiant  flux  along  the  radiometric 
axis  and  adequate  shielding  should  be  provided  to  intercept  stray  flux  from  other 
directions. 

"If  there  is  excessive  water  vapor  in  the  laboratory  atmosphere,  errors  may  result 
at  the  wavelengths  of  water-vapor  absorption  bands.  In  the  original  calibrations 
the  comparisons  of  the  lamps  with  the  other  NBS  standards  were  made  in  such  a 
manner  that  the  effect  of  water-vapor  absorption  was  eliminated. 

"Values  of  spectral  irradiance  for  these  lamps  are  tabulated  as  a  function  of  wave¬ 
length  in  microwatts  per  (square  centimeter-nanometer)  at  a  distance  of  43  centi¬ 
meters  from  center  of  lamp  to  receiver.  Values  of  spectral  irradiance  for  wave¬ 
length  intervals  other  than  one  nanometer,  say  x  nanometers,  may  be  found  by 
multiplying  the  tabulated  values  by  x. 

Use  of  the  Standards  of  Spectra!  Irradiance 

'These  standards  require  no  auxiliary  optics.  If  any  tire  employed  proper  correc¬ 
tion  must  b-;  made  for  their  optical  characteristics.  The  lamp  is  simply  pieced 
at  a  measured  distance  from  the  detector  or  spectrometer  slit.  If  a  distance  other 
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than  43  centimeters  is  used,  the  inverse- square  law  may  be  used  to  calculate  the 
spectral  irradiance  (the  inverse-square  law  should  not,  however,  be  used  for  dis¬ 
tances  shorter  than  about  40  centimeters). 

"In  measurements  wherein  two  sources  (a  standard  source  and  a  test  source)  are 
being  compared  by  the  direct  substitution  method  (slit  widths  kept  unchanged, 
use  of  the  same  detector)  no  knowledge  of  the  spectral  transmittance  of  the  spec¬ 
trometer,  nor  of  the  spectral  sensitivity  of  the  detector  is  required.  It  is  necessary, 
however,  to  make  suie  that  the  entrance  slit  of  the  spectrometer  is  fully  and  uni¬ 
formly  filled  with  radiant  flux  both  from  the  standard  and  from  the  test  source; 
and  if  at  any  one  wavelength  the  detector  response  for  the  standard  is  significantly 
different  from  that  for  the  test  source,  the  deviation  from  linearity  of  response  of 
the  detector  must  be  evaluated  and  taken  into  account.  Furthermore,  if  the  stand¬ 
ard  and  test  source  differ  in  geometrical  shape,  it  must  be  ascertained  that  the 
instrument  tracsmittance  and  detector  response  are  not  adversely  affected  thereby. 
Many  detectors  are  highly  variable  in  sensitivity  over  their  surface  area  and  may 
require  diffusion  of  radiant  flux  over  their  surface  to  insure  accurate  radiant 
energy  evaluations. 

"All  calibrations  were  made  by  the  use  of  alternating  current  and  it  is  recom¬ 
mended  that  they  be  so  used  in  service.  To  reduce  the  line  voltage  a  10-ampero 
variable  autotransformer  may  be  employed  for  coarse  control.  For  fine  control  a 
second  (5-ampere)  variable  autotransfornier  may  be  used  to  power  a  radio-filament 
transformer  whose  secondary  (2.5-5  volt)  winding  is  wired  in  series  with  the 
primary  of  the  10-ampere  transformer.  It  was  found  that  this  method  is  very 
effective  for  accurate  control  of  the  6.50-ampere  current. 

'These  standards  of  spectral  irradiance  are  expensive  laboratory  equipment 
and  it  is  suggested  that  they  be  operated  sparingly  and  with  care  in  order  to  prolong 
their  useful  life.  They  should  be  turned  on  and  off  at  reduced  current  and  great 
care  should  be  taken  so  that  at  no  time  will  the  current  appreciably  exceed  6.50 
amperes.  It  is  recommended  that  for  general  use,  working  standards  be  prepared 
by  calibrating  them  relative  to  the  laboratory  standard  supplied  by  NBS. 

'These  lamps  operate  at  high  temperature  such  that  the  quartz  envelope  is  above 
the  flammable  point  of  organic  materials.  They  may  thus  cause  fires,  and  also 
the  burning  of  lint,  etc.  on  the  enveloper  which  may  result  in  optical  damage  to 
its  surface.  In  no  case  should  the  fingers  come  into  contact  with  the  quartz  en¬ 
velope,  either  hot  or  cold,  as  the  resulting  fingerprints  will  burn  into  its  surface 
during  lamp  operation. 

3.2.3.  “Instructions  for  Using  Standards  of  Spectral  Radiance 
(Revised  February  21,  1961)' 

General  Discussion 

'These  instructions  cover  the  use  of  rbbon-filament  lamps  issued  as  standards 
of  spectral  radiance  for  the  wavelength  ranges  of  0.25  to  0.75,  0.5  to  2.5,  and  0.25 
to  2.5  microns.  The  lamps  employed  are  commercial  G.E.  Type  3GAT24/7  lamps 
having  a  tungsten  ribbon  filament  (SR-8A  type)  centered  about  8  to  10  cm  behind 
a  fused  silica  window  3  cm  in  diameter. 

’The  portion  of  the  filament  whose  spectral  radiance  has  been  determined  is  the 
central  portion  visible  through  the  fused-silica  window  This  determination  was 
made  by  direct  substitution  of  the  lamps  for  working  standard  lamps  vhich  had  in 
turn  been  calibrated  by  this  substitution  method  relative  to  black  bodies  i operated 
from  1400  to  2300“K)  through  the  use  of  a  double  quartz  prism  spectroradiometer 
and  associated  electronic  equipment. 
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"In  operation  the  lamp  is  mounted  vertically  and  the  beam  of  radiant  flux  with  a 
horizontal  axis  passing  through  the  center  of  the  filament  is  measured.  In  the 
original  determinations  no  portion  of  the  beam  measured  departed  from  this  axis 
by  more  than  2.5  degrees.  Hence,  if  an  aperture  subtending  a  larger  angle  is 
required  in  any  application  of  these  standards  of  spectral  radiance,  it  should  be 
ascertained  that  the  irradiance  is  constant  over  the  whole  aperture. 

"If  there  is  excessive  water  vapor  in  the  laboratory  atmosphere  errors  may  result 
at  the  wavelengths  of  water-vapor  absorption  bands.  In  the  original  calibrations 
comparisons  of  the  lamps  with  the  blackbodies  were  made  at  the  same  distance 
n  such  manner  that  the  effect  of  water-vapor  absorption  canceled  out. 
the  'alibrations  wherein  the  blackbody  was  heated  within  a  wirewound  fur- 

ice  and  temperatures  around  1400°K  were  reached,  the  temperatures  were  meas¬ 
ured  with  Pt-Pt  10%  Rh  thermocouples.  Tests  using  couples  placed  at  various 
positions  and  observations  with  an  optical  pyrometer  indicated  closely  uniform  tem¬ 
peratures  within  the  blackbody  enclosure.  A  ratio  of  blackbody  opening  to  total 
internal  surface  area  equal  to  approximately  0.003  and  an  internal  surface  re¬ 
flectance  less  than  0.10  indicate  an  emis3ivity  of  0.999  or  higher. 

'Tor  the  blackbody  temperatures  above  1400°  K  a  graphite  enclosure  heated  by  a 
radio-frequency  generator  was  employed  and  the  temperatures  were  measured 
by  an  optica!  pyrometer.  The  physical  characteristics  of  this  blackbody  indicated 
an  emissivity  approximating  0.996. 

'The  spectral  radiance  of  the  blackbody  is  based  upon  the  Planck  radiation  law  in 
which  the  constants,  based  upon  the  most  recent  atomic  and  other  information, 
are  set  down  as  follows: 

Ci  =  1.19088  x  10  12  watt  cm2  per  steradian 

cj  =  1.4380  cm  degree  K 

"Values  of  spectral  radiance  for  these  lamps  are  tabulated  as  a  function  of  wave¬ 
length  in  microwatts  per  (steradian-millimicron-square  millimeter  of  filament). 
Values  of  spectral  radiance  for  slit-widths  other  than  one  millimicron,  say  x  milli¬ 
microns,  where  x  is  less  than  100,  may  be  found  by  multiplying  the  tabulated 
values  by  x. 

Use  of  the  Standards  of  Spectral  Radiance 

"It  is  suggested  that  the  auxiliary  optics  employed  with  these  standards  be  com¬ 
posed  of  two  units:  namely,  a  plane  mirror  and  a  spherical  mirror  (each  aluminized 
on  the  front  surface).  If  the  spherical  mirror  is  placed  at  a  distance  from  the 
lamp  filament  equal  to  its  radius  of  curvature,  and  the  plane  mirror  set  about 
1/3  to  2/5  this  distance  from  the  spherical  mirror,  facing  it  and  so  placed  that 
the  angle  between  incident  and  reflected  beams  is  10°  or  less,  a  good  image  of 
the  filament  itself  may  be  focused  upon  the  spectrometer  slit.  Little  distortion 
of  the  filament  image  occurs  provided  precise  optical  surfaces  are  employed  and 
angles  between  incident  and  reflected  beams  are  kept  to  less  than  10°.  Various 
optical  arrangements  may  be  employed. 

'The  solid-angular  aperture  of  the  auxiliary  optics  should  be  smaller  than  the 
solid-angular  aperture  of  the  spectrometer  employed  so  that  no  loss  of  radiant 
energy  will  result  through  over-filling  the  spectrometer  optics. 

'The  spectral  radiant  flux,  P*,  in  microwatts  per  millimicron,  which  enters  the 
spectrometer  slit  is  computed  from  the  formula; 

Pk  =  RxNysAID2 
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where  i?\  is  the  spectral  reflectance  of  the  combination  of  mirror,  used,  is  the 
reported  s  pectral  radiance  of  the  standard,  s  is  the  area  of  the  spectrometer  slit 
in  mm',  A  is  the  area  of  the  limiting  auxiliary  optic,  and  D  is  the  distance  of  this 
optic  from  the  slit. 

"No  diaphragm  or  other  shielding  is  required  in  the  use  of  these  standards,  except 
for  a  shield  to  prevent  radiant  energy  from  the  lamp  from  entering  the  spectiom- 
eter  directly  without  first  falling  on  the  concave  mirror.  An  image  of  the  filament 
should  be  focused  upon  the  spectrometer  slit,  and  only  the  energy  by  which  this 
image  is  formed  should  enter  the  slit. 

'In  order  to  calibrate  a  spectroradiometer  with  one  of  these  standards  of  spectral 
radiance,  a  knowledge  of  the  spectral  reflectance  of  the  mirror  surfaces  is  required. 
A  good  aluminized  surface  should  have  a  spectral  reflectance  considerably  above 
0.87  throughout  the  spectral  region  of  0.5  to  2.6  microns,  increasing  slightly  with 
wavelength  except  possibly  for  a  slight  dip  near  0.80  micron.  In  practice  the  proper 
reflectance  losses  can  best  be  determined  through  the  use  of  a  third  (similar) 
mirror  (a  second  plane  mirror)  which  may  be  temporarily  incorporated  into  the 
optical  set-up  from  time  to  time. 

"In  measurements  wherein  two  sources  (a  standard  source  and  a  test  source)  are 
being  compared  by  the  direct  substitution  method  <  me  of  the  same  auxiliary  optics, 
slit-widths,  areas  and  detector  at  any  one  wavelength),  no  knowledge  of  the  spectral 
reflectance  of  the  auxiliary  mirrors,  nor  of  the  spectral  transmittance  of  the  spec¬ 
trometer,  nor  of  the  spectral  sensitivity  of  the  detector  is  required.  It  is  necessary, 
however,  to  make  sure  that  the  entrance  slit  of  the  spectrometer  iB  fully  and  uni¬ 
formly  filled  with  radiant  Sax  both  from  the  standard  and  from  the  test  source; 
and,  if  at  any  one  wavelength  the  detector  response  for  the  standard  is  significantly 
different  from  that  for  the  test  source,  the  deviation  from  linearity  of  response 
of  the  detector  must  be  evaluated  and  taken  into  account. 

"Operation  of  these  standards  should  be  on  alternating  current  to  obviate  fila¬ 
ment-crystallizing  effects  that  occur  when  the  operation  is  on  direct  current.  The 
filaments  are  massive  and  "iron  out”  all  effects  of  the  normal  fluetu  aMons  present 
in  a  commercial  ac  supply.  All  calibrations  were  made  by  means  of  alternating 
current.  To  reduce  line  voltage  a  step-down  transformer  (1  k”a)  having  a  ratio 
of  10  to  1  or  a  50-ampere  variable  transformer  may  be  emploj  ed.  Then  to  give 
fine  control  a  second  variable  transformer  (10-ampere  "opacity)  is  wired  into  the 
circuit  to  contr  the  input  of  the  heavy  duty  tiansformer.  For  still  finer  control 
a  third  variable  transformer  may  be  employed  with  a  radio-fi* ament  transformer 
to  add  (or  subtract)  voltage  fed  into  the  step-down  transformer.  It  was  found 
th»»t  this  method  is  very  effective  for  accurate  control  of  large  lamp  currents.  The 
heavy  duty  (1  kva)  step-down  transformer  is  preferred  to  the  50-ampere  variable 
transformer  since  the  latter  is  subjec1  to  contact  damage  when  operated  for  long 
intervals  of  time  at  high  currents. 

"The  lamp  standards  of  spectral  radiance  are  expensive  laboratory  equipment 
and  it  is  suggested  that  they  be  operated  sparingly  and  with  care  in  order  to  pro¬ 
long  their  useful  life.  This  precaution  applies  especially  to  the  standards  cali¬ 
brated  in  the  short-wave  region  and  operated  at  35  amperes.  They  should  be 
turned  on  and  off  slowly  and  only  for  short  intervals  should  they  ever  be  operated 
at  or  above  30  amperes,  and  then  only  to  calibrate  a  similar’  lamp  as  a  work  inf, 
standard.  In  general  even  at  lower  cm  rents  a  working  standard  should  be  pre¬ 
pared  and  used  except  for  purposes  of  checking  the  operation  of  such  a  working 
standard.” 
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3.2.4.  Other  NBS  Sources.  Figure  3-3  shows  a  blackbody  furnace  used  ut  the 
National  Bureau  of  Standard  as  a  comparison  standard  in  emissivity  determinations 
[131.  The  core,  made  of  Inconel,  has  an  outside  diameter  of  3  cm  and  a  cylindrical 
cavity  2.06  cm  in  diameter  and  7  cm  deep  with  inner  walls  roughened  by  a  very  fine 
tap  and  treated  to  produce  an  opaque,  oxidized  layer.  The  furnace  is  heated  by  an 
80%  platirum-20%  rhodium  resistance  element  surrounding  the  core.  The  core  and 
heating  element  are  covered  with  thermal  insulation  3.6  cm  thick  and  are  mounted 
ariany  in  a  water-cooled  tube  of  11.4  cm  outside  diameter.  Power  input  to  the  furnace 
is  adjusted  manually  by  an  autotransformer.  The  temperature  of  the  furnace  is 
measured  by  a  thermocouple  inserted  in  a  hole  drilled  from  the  back  of  the  core  to 
within  0.C8  cm  of  the  inner  surface  of  the  core  at  the  rear  of  the  cavity  The  emissivity 
of  the  inner  surface  is  greater  than  0.90  and  that  of  the  furnace  was  computed  to  be 
greater  than  0.99  in  the  temperature  range  for  which  it  was  designed,  810°  to  1360CK. 


Cooling  Jacket  .  Use  Tube 

or  Wire  to  Channel  Flow.  Cooling  Colls 


Fig.  3-3.  NBS  blackbody  furnace. 

Figures  3-4  and  3-5  show  two  other  blackbody  cavities  designed  by  NBS.  They  are 
probably  the  closest  approximation,  to  blackbody  radiators  in  existence.  These  cavities 
are  primarily  used  in  optical  pyrometry  is  gold-pcint  blackbodies  to  determine  the 
International  Practical  Temperature  Scr.le  (IPTS)  above  1336°K  [14]. 

The  vertical  blackbody  assembly  shown  in  Fig.  3-4  is  heated  in  a  wire-wound  muffle 
furnace  or  in  the  coils  of  an  rf  generator.  The  estimated  emittance  of  this  blackbody 
is  0.999,  assuming  the  walls  are  at  a  uniform  temperature.  The  horizontal  blackbody 
shown  in  Fig.  3-5  has  three  independently  controlled  heater  windings  that  are  embedded 
longitudinally  in  cylindrical  graphite  muffles. 

The  graphite,  having  high  thermal  conductivity,  tends  to  reduce  longitudinal  tem¬ 
perature  gradients.  The  power  inputs  to  the  two  end  windings  are  adjusted  to  maintain 
the  end  sections  at  a  specified  temperature,  i.e.,  the  IPTS  [15],  as  determined  by  two 
thermocouples  positioned  near  the  inner  surface  of  these  sections.  The  center  winding 
is  used  to  control  the  temperatures  of  the  gold  during  gold-point  calibrations. 

Another  high-temperature  blackbody,  used  r.t  NBS  for  accurate  spectral  calibrations 
of  monochromators  and  spectrographs,  has  been  used  up  to  tempe.-atures  of  3273®K. 
It  consists  of  a  graphite  cylindrical  tube  resistively  heited  in  an  argon  atmosphere 
and  surrounded  by  a  number  of  graphite  radiation  shields.  The  tube  is  about  200  mm 
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Fig.  3-5.  NBS  blackbody  and  furnace. 


46  ARTIFICIAL  SOURCES 

long,  has  a  wall  thickness  of  about  3  mm,  and  an  iniiide  diameter  of  about  9  mm.  A 
small  hole  in  the  center  of  the  tube  and  correspondingly  larger  holes  in  the  shields 
permit  the  radiation  to  exit.  A  current  of  about  800  amp  is  required  to  reach  a  tem¬ 
perature  of  3073°  K.  The  tube  can  be  used  for  about  50  hours  at  this  temperature  and 
the  radiance  can  be  stabilized  for  several  hourB  to  hotter  than  1  percent  by  automat¬ 
ically  controlling  the  current  in  the  tube  [14]. 

3.3.  Laboratory  end  Field  Sources 

3.3.1.  A  High-Temperature  Source  [16].  "The  high  temperature  element  of 
the  source  is  a  graphite  tube,  with  a  small  slit  in  one  wall,  heated  directly  with  an 
alternating  current.  The  arrangement  is  shown  in  cross  section  in  Fig.  3-6.  The 
graphite  tube  is  rigidly  supported  at  the  upper  end,  and  electrical  connection  is 
provided  by  means  of  a  standard  compression  tubi  Acting  modified  by  slightly 
enlarging  its  bore.  At  the  other  end,  electrical  connection  and  linear  motion  to 
relieve  thermal  stress  are  accomplished  by  a  piskn  and  bellows  arrangement. 
The  piston  itself  acts  as  the  nut  for  another  modified  tube  fitting;  electrical  insula¬ 
tion  between  the  piston  and  the  cylinder  wall  is  produced  by  two  O-rings,  which 


Fio.  3-6.  Black  body  of  Sunmona,  DeBeli,  and  Anderson. 
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further  serve  as  a  fluid  barrier  The  bellows  is  mounted  on  a  bushing  of  insulating 
material;  electrical  connection  is  made  both  to  the  central  screw  and  the  body 
wall.  Both  electrodes  are  cooled  by  water  flow. 

i:The  heated  element  was  made  from  National  Carbon  Company  type  AGR  graph¬ 
ite  as  a  tube  of  0.250-in.  O.D.  with  a  0.050-in.  wall;  a  siit  of  0.25  x  0.0b  in.  was 
milled  through  oi.j  wall  at  approximately  halfway  between  the  points  of  first 
thermal  or  electric* .  jntact.  Erosion  and  oxidation  of  the  hot  gr  aphite  is  reduced 
to  a  negligible  rate  by  a  fli'sh  and  a  slight  flow  of  dry  argon,  which  escapes  through 
the  bcdy  opening  in  front  of  the  slit.  The  ends  of  the  graphite  tube  were  copper- 
plated  to  provide  better  contact. 

"The  pow'er  supply  cons.sts  of  two  20-amp  toroidal  auto  transformers,  one  of  which 
was  converted  into  a  conventional  step-down  transformer  by  removing  the  slider 
and  adding  a  secondary’  winding  of  a  few  turn*.  Connection  between  this  unit 
and  the  source  bcdy  was  made  by  means  of  a  standard  type  of  single-conductor 
insulated  welding  cable  enclosed  in  3/4-irt.  brass  pipe  which  was  connected  to  the 
base  of  the  body.  By  this  means,  concentricity  of  the  high  current  pert  of  the 
electrical  system  is  maintained;  magnetic  fields  which  would  create  spurious  sig¬ 
nals  in  nearby  measurement  circuits  arc  thereby  minimized. 

"The  current  through  the  gTaphite  and  he.  "*1  its  temperature  is  controlled  by 
manual  adjustment  of  the  unmodified  autotransformer,  the  output  of  which  m 
connected  to  the  primary  of  the  modified  «nit.  The  secondary  current  of  the 
latter,  ie.,  the  current  through  the  graphite  tube,  is  measured  using  a  0-5  amp  ac 
ammeter  with  a  40/1  current  transformer.  The  time  constant  of  the  graphite 
tube  is  of  the  order  of  10  sec  so  that  no  60-cycle  ac  ripple  is  detectable  in  the  radiant 
output.  Constancy  in  source  temperature  is  maintained  by  close  control  of  line 
voltage  with  an  electronic  regulator,  and  by  careful  regulation  of  the  argon  flush. 

"Calibrations  were  made  with  an  optical  pyrometer  which  in  turn  was  checked 
against  an  NBS-certified  tungsten  ribbon  lamp.  The  blackness  of  the  source  was 
not  ascertained  by  experiment.  However,  an  emissivity  of  0.975  wse  computed 
assuming  a  uniform  wall  temperature,  diffjjie  reflection  from  the  inn  *  wall,  and 
an  average  surface  emissivity  of  0.85  for  the  graphite.  (Source  cmissivities 
closer  to  unity  can  of  course  be  obtained  by  reducing  the  ratio  of  the  slit  width 
to  the  internal  tube  diameter.) 

"The  highest  temperature  of  operation  is  at  present  limited  by  the  power  supply 
to  about  2400°  K  at  which  approximately  2  kw  are  being  dissipated.  During 
repetitive  operation  over  periods  of  a  few  hours,  the  calibration  has  been  found 
to  be  very  stable  following  the  first  few  heating  and  cooling  cycles,  during  which 
a  slight  amount  of  further  graph»*ization  is  presumed  to  have  occurred.  On 
occasion,  over  longer  periods  of  many  hours,  appreciable  drifts  in  the  calibration 
have  been  observed.  These  shifts  were  found  to  be  due  to  a  gradual  ablation  of 
the  graphite  at  a  rate  primarily  related  to  the  temperature  of  the  graphite  and 
the  dryness  of  the  argon.  In  the  intermittent  sc '•vice  for  which  the  source  was 
designed,  however,  the  calibrations  of  the  several  units  in  use  at  Rocketdyne  ex¬ 
hibit  only  very  slight  changes,  which  are  monitored  by  occasional  recalibrations.” 

3.3.2.  Low-Teznpenlure  Large- Area  Sources.  Large-area  thermal  radiation 
sources  used  for  comparison  with  field  sources  have  been  constructed  [17],  One  is 
an  ambient-temperature  conical  field  source,  and  another  is  a  temperature-controllable 
conical  field  source.  The  ambient-temperature  source  consists  of  a  simple  sheet 
metal  core  coated  internally  with  Sicon-black  enamel.  This  source  quickly  assumes 
the  ombh  nt  air  temperature  and  is  not  temperature  controlled.  A  thermometer 
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mounted  sc  as  to  insure  good  thermal  contact  does  the  monitoring.  The  temperature 
distribution  on  the  inner  surface  of  the  cone  under  normal  conditions  was  determined 
with  a  surface  pyrometer  to  be  uniform  within  O^C  or  less. 

The  temperature-controllable  source  consists  of  a  similar  cone  with  &  water  jacket. 
Pro  vision  is  made  for  circulation  and  heating  of  the  water.  The  impeller  mounted 
new  the  apex  and  a  stirrer  blade  are  arranged  such  that  a  temperature  uniformity  of 
1°K  is  maintained  from  the  rear  to  the  front  of  the  cone  as  well  as  from  top  to  bottom 
of  the  front  portion  of  the  source  at  an  average  temperature  of  323°  K. 

Although  no  accurate  experimental  determinations  have  been  made  of  the  emissivity 
of  these  conical  field  sources,  calculations  have  been  made  using  the  methods  of  DeVos 
[1]  as  applied  to  a  conical  source  by  Edwards  [2],  The  resulting  value  is  0.99. 

Other  field  sources  have  been  constructed  commercially  for  use  in  comparing  the 
radiants  of  largs  area  targets.  One  in  particular  that  has  been  used  in  the  past  is  a 
1  ft*  fiat  metal  surface  covered  with  Zapon  paint  and  temperature  controlled,  by  means 
of  a  winding  on  the  back,  to  a  maximum  temperature  of  about  250°  C.  The  use  of  this 
"blackbody,”  manufactured  by  Barnes,  and  of  most  fiat  ones,  is  restricted  because  of 
the  nonnegiigible  gradients  of  temperatures  across  the  surface. 

3.3.3.  Nemst  Glower.  The  Nemst  glower  is  a  hollow  rod  rr  filament  about  3  cm 
long  and  1  mm  in  diameter  made  from  Zr02  (zirconia)  and  Yz03  (yttria)  mixed  with 
CeOt  (oeria)  or  ThOt  (thori. ).  It  is  heated  by  an  electric  current  from  an  approximately 
180-w  50-v  power  supply.  When  used  as  a  spectrometry  source,  the  Nemst  glower  is 
intended  to  mat  h  entry  slits  about  12  mm  high.  The  Nemst  glower  is  generally 
operated  at  temperatures  between  1500°  and  2000°K,  and  has  an  expected  life  of 
about  200  to  more  than  1000  horns.  Platinum  wires  are  used  as  electrodes;  therefore 
water  cooling  of  end  connections  is  not  required.  The  connections  are  critical;  con¬ 
struction  details  are  given  in  Rev.  Sci.  Inst.,  Vol.  11,  p.  429  (1940)  [18]  and  Phil.  Mag., 
Vol.  No.  50,  vi,  p.  263  (1925)  [19].  Because  of  its  negative  temperature  coefficient  of 
resistance,  the  Nemst  glower  must  be  heated  to  start  and  will  continue  to  heat  up 
until  it  bums  out  unless  it  is  connected  in  sent*  with  a  resistance  to  limit  the  current 
(ballasted). 

The  Nemst  glower  can  be  used  for  wavelengths  up  to  about  3C  g ;  beyond  15  n  its 
emissivity  decreases  and  its  performance  ie  comparable  to  that  of  the  Globar  or  the 
Welabach  mantle.  Low  mechanical  strength,  small  size,  and  susceptibility  to  tem¬ 
perature  variations  caused  by  air  currents  are  disadvantages  of  the  Nemst  glower  [20, 
21]. 


3.3.4.  Globar.  The  Glcfcar  is  a  rod  of  bonded  silicon  carbide  In  its  most  common 
form  it  is  about  5  cm  long  and  5  mm  n  diameter.  It  is  heated  electrically  from  a 
power  supply  of  approximately  180  w  at  50  v,  and  has  a  lifetime  of  about  250  hr  when 
operated  at  1500° K  in  air.  It  can  be  operated  at  temperatures  up  to  2200®K  by  a  tech¬ 
nique  described  by  Strong  [21],  Silver  electrxJes  are  used,  and  the  ends  of  the  Globar 
are  coated  with  silver.  A  water-cooled  jacket,  is  used  to  prevent  overheating  of  the 
end  connections. 

The  Globar  closely  approximates  a  graybody,  its  emissivity  being  about  8-T*  from 
4  to  15  (i  as  shown  in  Fig.  3-7.  Globar  rod*  Sire  available  in  large  sizes  for  •««.-  as  ex¬ 
tended  sources  and  for  heating  elements  in  furnaces  and  ovens  operating  up  to  i?.bout 
L€00°K  [20). 

3.3.5.  Welsbach  Mantle.  The  Welsbach  mantle  is  a  gauze  similar  to  that  used  in 
gasoline  lamps  and  lartems.  The  gauze  is  impregnated  with  ThO»  to  which  0.75 
to  2.5  percent  CeOt  is  added.  The  gauze,  or  mantle,  is  heated  either  by  burning  gas 
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or  an  electric  current  (or  botLL  The  emissivity  of  the  Welsbech  mantle  is  relatively 
low  up  to  about  6  fi,  but  between  10  and  100  fi  it  approximates  a  blackbody  and  is 
comparable  to  most  other  sources.  At  wavelengths  exceeding  150  /x  the  emips'vity 
falls  off  to  the  point  where  it  is  no  longer  usable.  The  Welsbach  man "ie  can  be  operated 
at  temperatures  up  to  about  2400CK  [20,21]. 
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Fig.  3-7.  Spectral  output  of  Giobar  [22]. 


3.3.6.  Carbon  Arc.  High  source  brightness  is  attained  with  the  carbon  arc,  of 
which  there  are  two  main  types:  low  intensity  and  high  intensity.  In  the  low-intensity 
arc,  the  radiation  comes  mainly  from  solid  incandescent  carbon  in  the  shallow  crater 
created  on  the  face  of  the  positive  electrode.  The  temperature  in  this  region  13  ap¬ 
proximately  3900' K.  In  high  intensity  arcs,  a  deeply  formed  crater  appears  in  the 
specially  cored  positive  electrode.  This  crater  is  characterized  by  a  higher  tempera¬ 
ture'  and  a  higher  current  density  than  that  in  the  low-intensity  arc.  Emission  from 
vaporized  core  materials  adds  a  dense  visible  line  spectrum  to  the  continuous  spectrum 
emitted  by  the  crater.  The  color  temperature  of  the  high-intensity  arc  can  be  as  low 
as  about  5000° K  to  as  high  as  about  9000° K  depending  upon  core  material  and  current. 

The  electrode  size,  and  therefore  urrent  rating  of  a  low-intensity  arc,  is  optional 
since  all  low-intensity  arcs  have  essentially  the  same  positive  crater  temperature. 
The  larger  the  electrode  size,  the  larger  the  crater  and  the  greater  the  ease  of  illuminat¬ 
ing  a  given  area,  such  as  a  spectrometer  entrance  slit.  Typical  carbon  electrodes 
are  12  mm  for  the  positive  and  8  mm  for  the  negative.  A  ballast  resistor  provides 
current  stability  with  the  negative  coefficient  of  resistance  of  carbon. 

The  carbon  arc  is  an  excellent  source  in  the  wavelength  range  of  10  to  100  p;  beyond 
ICO  p  a  high-pressure  mercury  ar,:  is  better.  Best  source  stability  (better  than  ±3%) 
is  achieved  by  masking  all  but  the  crater,  this  is  the  most  uniform  part  of  the  source. 
Details  of  ojieration  of  these  sourcx*  arc  given  in  [23j  and  [24], 

3.3.7.  Tu  igsten  Filaments.  The  tungstun-fi lament  lamp,  which  operates  at  about 
2800° K,  is  a  source  of  high  brightness.  Because  ita  glass  envelope  is  not  transparent 
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beyond  about  3  n,  the  tungsten-filament  lamp,  as  normally  used,  is  limited  to  about 
this  wavelength.  If,  however,  a  tungsten  filament  is  mounted  in  an  enclosure  behind 
a  suitable  infrared  window,  its  useful  range  is  limited  only  by  the  long-wav  'length 
cutoff  of  the  window.  The  signal  from  a  tungsten  filament  mounted  behind  an  alkali 
halide  window  was  found  125]  to  be  about  one- half  that  of  a  carbon  arc  at  all  wavelengths 
from  2  to  14  p.  The  ratio  of  the  tungsten  lamp  emittanee  to  that  of  a  Globar  is  shown 
in  Fig.  3-8  [25], 
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Fig.  3-8.  Ratio  of  the  output  of  a 
tungsten  iimp  at  2900°  K  to  that  of 
a  Globar  at  1330°  K  (replotted  from 
125]). 


Another  type  of  tungsten  lamp  called  a  strip-  or  ribbon-filament  lamp  is  often  used 
by  NBC  for  spectral  radiance  calibrations  of  monochromators  or  pectrographs  and  as 
a  comparison  standard. 

The  G.E.  Type  30  V6V/T24  tungsten  strip  lamp  has  a  glass  envelop*;  about  75  mm 
in  diameter  and  300  mm  long  and  a  tungsten  ribbon  filament  about  0.075  mm  thick, 
3  mm  wide,  and  50  mm  long.  The  envelope  contains  argon  at  a  pressure  of  about 
0.3  atm  at  room  temperature.  This  lamp  requires  a  current  of  about  14  amp  for  a 
brightness  temperature  of  1273°K  and  about  45  amp  for  2573°K.  The  change  of 
brighti.es.!  temperature  with  current  varies  from  about  30  to  100°/amp  from  1073° 
to  25738K.  Direct  current  is  usually  used  ao  that  standard  potentiometric  methods 
can  be  employed. 

Tungsten  lamps  are  commei daily  available  from  the  General  Electric  Co.  in  the 
United  States,  the  General  Electric  Co.,  Ltd.,  in  England,  and  Phillips  Lump  Works 
in  the  Netherlands. 

3.3.8.  Meixury  Arcs.  The  chief  laboratory  source  of  far-infrared  radiation  is 
a  commercially  available  high-pressure  merx,or>  arc  operating  in  a  f used-silica  en¬ 
velope.  Thin  source  can  lie  used  for  wavelengths  .Sm  about  50  to  1400  p..  The 
high  pressure  (from  1  to  100  atm)  of  the  arc  broadens  the  disc.cU  'in:.  ;>«tram  into 
a  continuous  series  of  broad  peaks.  As  the  vc.por  pressure  is  increased,  more  of  the 
emitted  radiation  occurs  at  longer  wavelengths  [21]. 
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Figure  3-9  shows  the  ratio  of  the  intensity  of  a  quartz-mercury  lamp  compared 
to  a  Globar  source.  It  can  be  seen  that  the  energy  of  the  mercury  lamp  is  about  six 
times  greater  at  220  >  and  about  three  times  greater  at  IPO  (x.  Between  20  and  50 
cm  1  very  little  energy  is  emitted  by  the  Globar.  The  quartz-mercury  lamp  used  to  ob¬ 
tain  the  curve  was  designated  HPK  125  W  and  wjis  made  by  Phillips’  I>amp  Works  in  the 
Netherlands.  It  had  a  working  pressure  of  3  atm.  The  lamp  was  ooerated  at  135  v 
dc  and  a  current  of  0.98  amp.  The  Globar  source  was  the  usual  type  for  commer¬ 
cial  infrared  spectrometers  and  was  operated  at  1200"  K  [26].  Other  types  of  discharge 
lamps,  notably  H,  Fg,  and  Xe  lamps,  can  be  used  also  as  infrared  sources. 


FREQUENCY  (cm*1) 


Fio.  3-9.  ftatio  of  quartz-mercury  lamp 
output  w>  '.hat  of  a  Globar  (replotted  from 
126]). 


3.3.9.  Zirconium  Point  Sources.  An  interesting  type  of  arc,  useful  when  a  very 
small  source  of  light  is  needed,  is  the  so-called  concentrated-arc  lamp.  The  cathode 
consists  of  a  small  metai  tube  packed  with  zirconium  oxide  and  the  anode  consists 
of  a  metal  plate  containing  a  hole  slightly  larger  than  the  end  of  the  cathode.  Tungsten, 
tantalum,  or  molybdenum,  because  of  their  high  melting  points,  ere  used  for  the  metal 
parts.  These  are  sealed  in  a  glass  bulb  whicn  is  filled  with  an  inert  gas  like  argon 
to  a  pressure  of  nearly  1  atm.  The  arc  runs  between  the  (fused)  surface  of  the  zir¬ 
conium  oxide  and  the  surrounding  anode.  The  tip  of  tho  cathode  is  heated  by  ion 
bombardment  to  2700,C  or  higher,  giving  it  a  suiface  brightness  almost  equal  to 
that  of  the  carbon  arc.  The  light  is  observed  through  the  hole  in  the  anode.  Lamps 
of  this  type  can  be  made  in  which  tho  source  diameter  is  as  small  as  0.007  cm.  These 
lamps  are  listed  on  pages  3.36  and  337  of  Cenco  Catalog  J200.  (They  are  probably 
also  available  elsewhere.)  They  come  in  powers  rated  from  2  to  300  w.  These  lamps 
must  be  ballasted;  the  Sylvania  lamps  come  with  operating  instructions. 

3.4.  Commercial  Cavity-Tjpe  Sources 

Data  on  cavity-type  blackbody  sources  currently  available  from  various  manu¬ 
facturer-  are  given  in  Table  3-3.  Some  can  be  obtained  with  aperture  plates  and 
other  fittings. 
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Table  3-3.  Currently  Available  Cavity-Type  Black  body  Sources 


Mfr.“ 
Model  No. 

Type  of 
Radiation 
Source 

Temperature 

Range  Accuracy 

CC)  CO 

Field 
of  View 
(degrees) 

Aperture 

Diameter 

Emissivity 

Warm-Up 
Time  (mini: 
Temp.  CC) 

Max. 

Input 

Power 

(w) 

Tr/np. 

Measuring 

Element 

Barnes 

11-100 

14 * 

conical 

cavity 

60-230 

±1* 

20 

6.50  in. 
12.7  mm 

0.99 

±1% 

30  min 
230°  C 

25 

Th 

Barnes 

11-101 

14° 

conical 

cavity 

0-230 

±1' 

20 

0.625  in. 

16  9  mm 

0.99 

±1% 

30 

230 

100 

Pt 

Barnes 

11-110 

28” 

conical 

cavity 

200-600 

±3* 

20 

0.50  in. 
12.7  mm 

0.99 

±1% 

120 

600 

400 

Pt 

Barnes 

11-120 

14° 

conical 

cavi'y 

200-600 

±3° 

20 

0.015  in 
0.38  mm 

0.95+ 

2 

200 

55 

Pt 

Barnes 

11  121 

14° 

conical 

cavity 

20t(-000 

±3 

20 

0.04  in. 

1  mm 

0.95+ 

2 

200 

55 

Pt 

Barnes 

11-131 

14° 

conical 

cavity 

200-1000 

±5" 

20 

0.40  in. 
10.2  mm 

0.99 

±1% 

60 

1000 

800 

Pt 

Perkin-Elmer 
PE  521-4 
(Source) 

PE  521-5 
(Controller) 

15° 

cor.ical 
cavity, 
blackened 
silver  cone 

(0-600 

±r 

20 

0.50  in. 
12.7  mm 

20 

600 

180 

Pt 

Perkin-Elmer 
PE  521-6 
(Source) 

PE  521-5R 
'Controller) 

15° 

conical 

cavity, 

blackened 

silver 

cone 

200-600 

±2° 

20 

0.0087  in. 
0.2  mm 

0  OtO  in 
0.38  mm 

<3 

600 

55 

Pt 

0.040  in. 
1 .0?  mir. 


Perkin-Elmer 

15° 

200-600 

±1.5- 

20 

0.040  in. 

PE  521-1 

conical 

i  .02  i  im 

(Sourc.  i 

cavity. 

PE  521-5 

blackened 

0.015  in. 

<3 

55 

Pt 

(Controller) 

silver 

0  38  mm 

600 

cone 

ITT 

15° 

200-600 

±2 

0.33  in. 

250 

Pt 

blackened 

conical 

cavity 

8.4  mm 

ITT 

Blackened 

40-300 

±1* 

0.375  in. 

TC 

conical 

cavity 

9.5  mm 

IR  Ind. 

20° 

50-710 

±1 

14 

0.0200  in. 

0.99 

30 

250 

Pt 

IRI  403 

blackened 

5  08  mm 

±0.01'* 

(Source) 

stainless 

IRI  101 

steel 

0  100  in. 

(Controller) 

cone 

2.54  mm 

0.05f  in. 
1.27  mm 


0.025  in. 
0.64  mm 


0.0125  in. 
0.32  mm 
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Table  3-3.  Currently  Available  Cavity-Type  Blackbody  Sources  ( Continued ) 


Mfr.U 

Model  No. 

Type  of 
Radi-o  ion 
Sou-re 

Temperature  Field 

Range  Accuracy  UJ  ,ew 
CC)  i'C)  ^degrees) 

Aperture 

Diameter 

Enussiiity 

Warm-Up 
Time  tmii.); 
Temp  (°C) 

Max 

Input 

Power 

<w> 

Temp 

Measuring 

Element 

1R  Ind. 

IRI  404 

(Source) 

:ri  ioi 

(Controller) 

20° 

blackened 

stainless 

steel 

cone 

*0-1000  ±1  14 

0.200  in. 
£.08  mm 

0.100  in. 
2.54  mm 

099 

'0.01* 

45 

525 

Ft 

0.050  in. 

1  27  mm 

0.025  in. 
0.64  m:n 

0.0125  in. 
0.32  mm 

1R  Ind. 

IRI  405 
(Source) 

IRI  101 
(Controller1 

20° 

blackened 

stainless 

steel 

cone 

50-710  ±1  30 

0.600  in. 
15.3  mm 

0.400  in. 
10.2  mrn 

0.99 

±0.01* 

0 

525 

Pt 

0.200  in. 
5.05  mm 


0.100  in 
2.54  mm 

0.050  in. 

1.27  mm 

0  025  in. 

0.64  ;nm 

0.0125  in. 

0.32  mm 

IRInd.  Blackened  200  00  ±1  30  0.600  in  0.99  60  525 

IRI  406  conical  15.3  mm  ±0.01“* 

(Source)  cavity 

!RI  102  0.400  in 

(Controller)  '-0.2  mm 

0.200  in 
5.05  mm 

0.100  in. 

2.54  mm 

0.050  in. 

1.27  mm 

0.025  in. 

0.64  mm 

0.0125  in. 

0.32  mm 

IRInd.  Blackened  200-600  *1  10  0.039  in.  0.99  5  15 

IRI  407  conical  0.99  mm  ±0.01* 

(Source!  cavity 

IRI  102 
(Controller) 


i 
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Table  3-3.  Currently  Available  Cavttv-Type  Blacklody  Cojrces  ( Continued ) 


Type  of 

Ter  ye 

;  uturt 

Field 

Warm-Up 

.W 

Temp. 

M/r  ;* 
Model  No. 

Radiation 

Source 

Range 

r  o 

Accuracy 

(*C)  ’ 

of  View 

(degree#) 

Aperture 

Diuruter 

Emiseioity 

Time  (min); 
Temp.  CC) 

h\put 

Power 

!»•) 

Measuring 

Element 

IR  lnd. 

IRi  408 
(Source) 

IRl  102 
(Controller) 

Blackened 

conical 

cavity 

203-690 

90 

0.100  in. 
2.64  mm 

0.060  in. 
1.27  mm 

099 

±0.01% 

5 

6u 

Pt 

0.025  in. 
0.64  mm 

G.0125  in. 
0.32  mm 

IR  lnd. 

IFJ  411 
(Source) 

IRI  101 
(Controller) 

Blackened 

conical 

cavity 

7)0-1790 

±1 

14 

0.99 

±001% 

90 

650 

Pt 

IiJ  lnd. 

IRi  412 
(Source) 

IRI  106 
(Control'er) 

Blackened 

conical 

cavity 

60-900 

±1 

90 

4  5x4.5  in. 

Il4.3x 

IMS  mm 

090- 
0  97 

60 

<500 

Pt 

IRI  lnd 

IRI  417 
(Source) 

I  HI  103 
(Controller) 

Blackened 

conical 

cavity 

50-1000 

±1 

18 

2.0  in. 

50.8  mm 

1.5  in. 

38.1  ram 

0.99 

±0.01% 

90 

1100 

Pt 

1.9  in. 

25  4  mm 

IR  lnd 

IRI  420 

Blackened 

conical 

200-1200 

±1 

14 

0.200  ir. 
5.08  mm 

0.59 

±0.01% 

45 

380 

Pt 

•Sou  ret)  c»'  tty 

IRI  101  O.lOGin 

(Controller!  2  54  mm 

0.050  in. 

1.27  mm 

0.0?5  in. 

0.64  mm 

0.0125  in. 

0  32  min 

IRInd  L'.^ckened  710-1700  ±1  14  0  060  in  0.99  90  560  Pi 

1RI 424  conic*  I  1.27  mm  ±0  0  >  '-i> 

(Source)  cavity 

IR1  101  0.026  ir. 

(Controller'  3.64  mm 

0 «  '.26  in. 

>*.3*  mm 

>Ri  >cd.  B!s;'?ncd  IVMiOC  ±1  14  060  in  0  93  ,?  15  Pi 

JH1  <2.  cr-nical  .03  mu  ±0.01% 

'Source)  cavity 

'Ri  102 

C  -„!>»,  , 

Kviu-uon  V -grooved  60-520  :l  2.i25in  0.99  30  225  7C 

Elec  metal  M.Omm  ±0.01%  1000F  (Fe- 

block  conaUnUn) 
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Table  3-3.  Currently  Available  Cavity-Type  Blackbody  Sources  (Continued) 


Mft.;* 
Model  No. 

Type  of 

Tempemtwe 

Field 

Aperture 

Diameter 

Warm-Up 

Max. 

Input 

Power 

(w) 

Temp. 

Radiation 

Source 

Range 

CO 

Attorney 

CC) 

of  Vine 
(degree*) 

Emiasivity 

Time  (min); 
Temp.  CC) 

Measuring 

Element 

Elec. 

Cylindrical 

Ambient 

si 

1.126  in. 

U  995 

70 

700 

TC 

Communi¬ 

blackbody 

to  1C00 

28.6  mm 

1000 

»A*X. 

in  air 

cations 

cavity 

continu¬ 
ously  ad¬ 
justable 

Eppley 

Blackened 

600-1100 

rl 

0.75  in. 

0.97 

.120  appi ' 

1500 

TC 

Labs 

stainless 

19.1  mm 

1000 

(Pt-Pt 

steel 

Cavity 

irt  Rh 

Wiil.emaon 

Cylindrical 

Ambient 

±1 

0.75  in. 

60 

<  i0 

Mercury-in- 

blackbody 

to  66 

19.1  mm 

65 

glaas  ther¬ 

cavity 

mometer 

*  Barnes  -  Htrnee  Engineering  Company. 

Perkin- 7.  ner  *■  Perkin-Elmer  Corporation. 

ITT  —  —national  Telephone  and  Telegraph  Corporation. 

IR  Ind.  -  Inhered  Industries. 

Radiation  Elec.  Radiation  Electronics  Company. 

Elec.  Communications  -  Electronics  Communications,  Inc. 

Eppley  Labe.  -  Eppley  Laboratories,  Inc. 

Wi"  imeci.  «-  Williamson  Development  Company. 

•V.  iztmuir.  error  due  to  combined  shift  of  calibration,  ambient  temperature  (0*  to  40*0  and  line  voltage 
(106  to  126  v). 

‘Temperature  variations  from  16”  to  38* C  and  line- voltage  variation  from  106  to  126  v,  60  cycleo  ac. 
'Temperature  variations  from  20*  to  40*C  end  line-voltage  variation  from  106  to  126  v,  60  cycle*  ac. 

‘At  300*C  with  smaller  variation  at  lower  temper,  lure. 
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4.  TARGETS 


4.1.  Introduction 

Although  a  great  deal  of  military  infrared  technology  does  not  differ  greatly  from 
infrared  technology  in  general,  and  can  be  freely  treated  in  an  unclassified  work  such 
as  this  Handbook,  security  classification  forbids  such  discussion  in  certain  areas. 
The  characteristics  of  military  infrared  targets  is  just  such  an  are  a,  so  that  this  .h&jwr  r 
is  unavoidably  incomplete  About  all  that  can  be  said  is  that,  within  this  severe  limi¬ 
tation,  an  attempt  has  been  made  to  include  as  much  information  as  possible. 

In  the  first  part  of  this  chapter  are  data  concerning  rocket  engines,  which  may  be 
helpful  in  attempts  to  estimate  their  characteristics  as  infrared  targets.  In  the  second 
part  radiometric  principles  are  discussed  as  they  apply  to  the  radiation  from  a  wide 
variety  of  targets,  particularly  of  surface  targets  as  they  appear  in  the  output  of  an 
infrared  scanner.  Also  included  are  data  regarding  the  emissivities  of  a  number  of 
common  objects  and  surfaces. 

4.2.  Aerial  Targets  (Rocket-Propulsion  Systems) 

Aerial  targets  may  be  military  objectives;  they  r.iay  be  airu  -eft  or  rockets  which  are 
a  threat  to  security,  or  they  may  be  spacecraft  which  must  rendezvous  or  track  and 
home  on  a  planet.  The  power  plants  can  h  i  piston  engines,  jets,  or  rockets.  The 
radiation  comes  from  the  exhausts  of  the  engines,  from  frictional  heating  of  the  struc¬ 
ture  passing  through  the  air,  and  from  the  air  heated  by  very  high  speed  objects  like 
r>  entry  bodies. 

4.2.1.  Symbols,  Definitions,  and  Ec  nations 

A  =  nozzle  cross-section  area  (in.*) 
c  —  ettovliv  *  exhaust  velocity  (ft  sec'*) 

e*  *  Stanton  number  (proportional  to  local  skin-friction  coefficient,  highly  dependent 
on  state  of  flow,  tv  ,  laminar  or  turbulent;  usually  1  *o  2  x  10"*) 

Cj  =  specific  heat  at  constant  pressure 
d  —  nozzle  diameter 
F  -  thrust  (lb) 

Ha  =  epecific  enthalpy  (total  internal  energy  per  unit  mass)  of  ambient  atmosphere 
H s  —  specific  enthalpy  c-f  un mixed  jet 

Hj  **  specific  enthalpy  (total  internal  energy  per  unit  mass)  of  mi  ted  jet 
/„  *  specific  impulse  (ib-sec  lb'1).  Varies  approximately  as 
Kr  «  chemical  equilibrium  constant 
m  *  proportion  of  entrained  atmeephere 
M  =*  Mach  number,  unless  otherwise  noted 
9H  *  molecular  weight 
P  “  pressure  (lb  in.~*) 

R  «=  specific  gas  constant  (ft-lb  lb-1  “R'1),  unless  otherwise  noted 
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T  ~  absolute  static  temperature  in  °R  unless  otherwise  noted 
v  =  velocity  (ft  sec-1) 

V„,  =-  the  differential  velocity  between  the  initial  jet  and  the  atmosphere 
W  ==  exhaust-gas  weight  flow  rate  (lb  sec-1) 

y  --  ratio  of  specific  heats  (cp/ct);  depends  basically  on  the  number  of  atoms  in 
the  molecule.  For  monatomic  gaf.es,  y  =  1.66  for  diatomic  gases,  y  =  1.30. 
ft  ”  air  density  ouiaide  boundary  layer 
H  =-  air  velocity  outside  boundary  layer 


Subscripts 
a  =  ambient 

c  —  combustion  chamber 
e  —  nozzle  exit  plane 
t  =  nozzle  throat 
w  —  wall 


THRU8T  AMD  Ma£1S  FLOW 

F  =  — f  +  AAFr  -/>,)  =  Iipw 

8  g 

Exhaust  Velocity 
v,=  (y gRT,)* 
v,  «  c  =  i,pg 
M=  vl(ygRT)* 

Tempepatu. 


r  v  -  i  t-« 

T  ----  Tv  I  1  -f  2~—  M1  j 
=  TAPIPcYy  -  lUy 


These  three  equations,  relating  temperature  of  the  jet  e/hauf;t  to  internal  condi¬ 
tions  of  the  motor,  are  not  precisely  fulfilled  in  practice  because  of  factors  such  as 
conductive  and  radiative  heat  iceses,  changing  chemical  composition,  and  nonideal- 
gas  behavior.*  Boynton  and  Neu  {!j  .found  that  actual  exhaust  temperatures  were 


*The  energy  budf  et  of  a  typical  rocket  engine  ia  aa  follows  1%  low  due  to  incomplete  combustion, 
2%  heat  loss  to  engine  walla,  27-57%  in  unavailable  jet  thermal  energy,  the  balance  in  useful  pro¬ 
pulsion  energy  and  residual  exhauat  kinetic  energy. 
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best  predicted  by  assuming  shifting  chemical  equilibrium  down  to  a  certain  pressure 
find  frozen  composition  thereafter;  this  so-called  "freezing  pressure”  was  determined 
by  fitting  to  empirical  data.  Either  process  assumed  a’.one  would  have  incurred  errors 
of  about  200° K. 

Mr  .?  *;g  and  Afterburning.  The  energy  balance  of  an  exhaust  jet  of  frozen  compo¬ 
sition,  mixing  with  the  ambient  atmosphere,  has  the  following  form  fl]: 

„  _  Hk  +  mHA  rnjvj  —  v,,)1 
j  1  -r  m  2g(l  +  m)'- 

More  heat  may  be  addeu  to  the  jet  by  further  reactions  with  the  entrained  atmosphere 
(afterburning).  Table  4-1  gives  the  calculated  heats  released  by  afterburning  processes 
for  several  fuels  [21. 


Table  4-1.  Calculated  Heat  Release  During  Afterburning 


Propellant 

O/F 

P  D 

r,  i  *  e 

%Hj 

%CO 

Heat  Release t 
(Btu/lb 
propellant.) 

Combination 

(by  wt) 

(peia)* 

(by  wt) 

(by  wt) 

LOi/JP-4 

2.127 

600/14.7 

18.7 

37.7 

3117 

NiO^tUDMH,  5  M«H« 

2.01 

766/14 

3.1 

3.4 

358 

LO1/NH3 

1.41 

600/14,7 

4.8 

- 

305 

LO1/C1H5OH 

1.5 

300/14.7 

10.2 

24.7 

1916 

LOt/NgH* 

0.66 

600/14.7 

22.0 

- 

1540 

WFNA/aniline-alcohol 

3.0 

315/14.7 

5.1 

21.9 

1234 

RFNA/NjH, 

1.159 

300/14.7 

14.4 

- 

914 

LOi/LHj 

5.556 

600/14.7 

29.4 

- 

2830 

1J-VLH, 

5.65 

600/14.7 

5.4 

- 

6420 

LFj/NiH, 

2.4 

600/14.7 

0.3 

- 

20 

Solid  C*Hj„ 

_ 

1000/14.7 

41.4 

29.8 

3706 

Al,  NH;ClCh 

•L  ’><3er!ine  indicates  prw»u.i«  to  which  the  gmin  gag  compos’tion  pertain*. 
tCon*:<ieri  ,ig  complete  combustion  of  Hi  end  CO. 


Stagnation.  Ideally,  stagnation  temperatures  of  an  isentropic  exhaust  stream 
would  equal  the  initial  or  chamber  temperature,  Tr.  Figure  4-1  illustrates  repre¬ 
sentative  stagnation  temperatures  [31. 

4.2.2.  Jet  Structure.  The  region  behind  a  rocket  or  jet  engine  is  an  extremely 
complicated  chemical  and  thermodynamic  entity.  This  jet  structuie  has  been  analyzed 
in  great  detail  because  knowledge  of  how  much  of  what  kind  of  gas  is  where  and  at  what 
temperature  makes  possible  calculations  of  the  radiation  field.  This  region,  also  called 
the  flow  field,  is  illustrated  in  Fig.  4-2.  The  flow-field  characteristics  are  functions 
of  both  the  engine  and  nozzle  characteristic^  as  well  as  the  atmosphere  in  which  the 
motor  is  operating. 
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Thrust  In  Vacuum  171,000  lb 

Thrust  at  Sea  Level  150,000  lb 

Nozzle  Area  Katie  8.1 

Nozzle  Exit  Diameter  4.3.14  in. 

Propellants  LO2-RP-I 

Chamber  Pressure  558  PSIA 

Nozzle  Exit  Pressure  10  3  PSIA 

Nozzle  Exit  Static  Temp  3400° F 


Nozzle  Exit  Stagnation  Temp  6000°F  250°r 


AXIAL  DISTANCE,  ft 

Fig.  4-1.  Stagnation  temperature  (°F)  distribution 
in  exhaust  at  sea  level. 


4.2.2.I.  Flow  Field  Within  the  Atmosphere.  Figure  4-2  actually  illustrates  the 
ilow  field  for  operation  in  the  atmosphere  for  different  nozzle  expansion  ratios  and 
pictorially  defines  the  shock,  first  period',  and  undisturbed  cone. 

Aerodynamic  heating  is  discussed  in  Ohap^r  21. 

Departure  of  the  Jet  from  the  Nozzle.  5  =  the  angle  at  ihc  nozzle  exit  between 
the  tangent  to  the  nozzle  and  the  tangent  to  the  jet  boundary. 


Underexpanded  nozzle 

Pr  >  p. 

•T  >  0 

Optimally  expanded  nozzle 

Pr  +  P, 

6  >  0 

Overexpanded  nozzle 

Pr<Pa 

8  <  0 

Shocks.  For  shock  formation  in  supersonic  jets,  see  Fig.  <-2  rfhe  theory  of  shook 
formation  is  covered  in  [51  and  [6]. 

First  Period.  The  first  period  of  the  jet  is  measured  fro>T  the  nozzle  exit  to  the 
beginning  of  the  refl  ?cted  sho  k  See  Table  4-2. 
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Tabi£  4-2.  Length  in  Nozzle  Diametehs  !4| 


Exit  Moca  No. 

PJPa 

(y  =  1.4) 

0.5 

1.0 

2.0 

4.0 

7.0 

1.5 

0 

1.2 

4.0 

5.0 

8.0 

2.5 

0.8 

2.4 

4.0 

5.6 

8.8 

3.5 

1.6 

3.4 

5.fc 

8.4 

- 

4.5 

2.1 

4.4 

7.2 

_ 

_ 

Undisturbed  Cone.  The  undisturbed  cone  is  a  region  whose  temperature,  com¬ 
position,  and  length  remain  relatively  constant  for  a  given  nozzle  configuration  (1 
*=  3/2d)  under  all  conditions  of  Pa  [7). 

4.2. 2.2.  Flow  Field  in  a  Vacuum.  F'gure  4-3  illustrates  the  expansion  of  an  ex¬ 
haust  in  a  vacuum  under  several  conditions  (5]. 


Fic.  4-3.  Exhaust  expansion  into  a  vacuum;  line 
of  constant  Mach  number  [6], 


4.2.3.  Exhaust  Composition 

4.2. 3.1.  Gases.  Table  4-3  lista  a  number  of  liquid  propellants  and  their  combustion 
products.  Lox/RF'-l  exhaust  composition  us  mixture  ratio  is  plotted  in  Fig.  4-4;  I  ig. 
4-5  is  a  similar  plot  for  NjO^O.SNjH^  +  0.5UDMH. 

Chemical  Equilibrium.  The  balance  of  roactant3  and  products  achieved  in  chemi¬ 
cal  equilibrium  is  expressed  as 

v  P'  ift— 

"  "  PfP„-Pu... 

where  the  P  terms  in  t.L;  *  u  mt  arc  the.  pt  «1  pressures  of  the  individual  exhaust 
gases  and  the  P  ternu  in  the  denominator  are  thn  partial  pressures  of  the  reactant  gases. 

Figure  4-6  [61  shows  the  equilibrium  conditions  as  a  function  of  temperature  for 
a  number  of  important  reactions. 


MOLE  PERCENT 
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Fig.  4-4  Exhaust  composition 
of  liquid  oxygen/RP-1  us  mix¬ 
ture  ratio. 


Fig.  4-5.  Exhaust  composition 
of  NjO<y0.5NjH<  +  O.MJDMH 
us  mixture  ratio. 
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Table  4-3.  Representative  Liquid  Propellants 


Oxidizer 

Fuel 

Condition* 

OIF 

Pr 

P;  A,! A, 

Tr 

T 

/* 

Chlorine  Trifluoride 

Hydraxine 

2.6 

300 

14.7, 3.S 

6697*A 

4139*R 

268 

(CLFj) 

(NiHa) 

0.3;53 

6597*A 

1688 

330 

Fluorine 

Ammonia 

3.2 

300 

14.7;3.9 

7760 

5521 

312 

(F,» 

(NH,> 

0.6;37 

7760 

2829 

Fluorine 

Hydrazine 

2.2 

300 

14.7;3.9 

<416 

3179 

316 

(F.) 

<N,HO 

0.6;39 

4415 

1710 

411 

Fluorine 

Hydrogen 

6.0 

100 

1 4.7; 1 .8 

6913 

4480 

303 

(F./ 

(Hi) 

0.2;149 

5913 

El  5 

484 

98%  Hydrogen  Peroxide 

Hydr._une 

1.8 

300 

14.7;3.7 

5162 

3249 

253 

(H.O.! 

(N.H.) 

0.6;38 

5152 

1718 

325 

Nitrcgju  Tetroxide 

1/2  UDMH,  1/2  Hydrazine 

1.8 

HOC 

14.7;7.5 

5946 

3248 

282 

(N.O,) 

KCH^NiH.,  NiH,) 

0.8;66 

5946 

1830 

344 

2.0 

30 

14.7,102 

5389 

5079 

127 

0.3;76 

5389 

2143 

336 

Nitrogen  Tetroxide 

Pentaborane 

3.2 

300 

14.7;4.1 

6812 

5298 

259 

<N,0,) 

0.3;98 

6812 

3754 

364 

Oxygen 

RP  l 

2.2 

800 

14.7;7.6 

6287 

3474 

291 

(G») 

(Ci#H») 

1.6;40 

6287 

2306 

339 

Oxygen 

Hydrazine 

0.8 

500 

11.7;5.4 

6915 

3567 

292 

(O,) 

(NiH<) 

1.0;38 

5915 

2068 

354 

Oxygen 

Hydrogen 

3  0 

300 

14.7;3.4 

4837 

2660 

364 

(O.) 

(H.) 

0.3;51 

4837 

1033 

462 

3.0 

50 

14.7;).. 2 

4734 

3862 

251 

0.05;51 

4734 

1038 

461 

Oxygen 

Ethyl  Alcohol 

1.6 

30C 

14.7 

5705 

3170 

242 

(Of) 

(C.H.OH) 

IP.FNA 

VI MH 

2.8 

206 

14.7;2.9 

5400 

3867 

226 

(HNOi  +  NOi  +  HiO  +  HFi 

(iCHj-.-N.Ht) 

.21;54 

!C75 

293 

Nitrogen  Tetroxide 

16%  Nitric  Oxide,  85% 

2.1 

30 

14.7;1.02 

5454 

5135 

129 

(N,o.; 

Mono  Methyl  Hydrazine 
[(NO,  NiHj(CHj)! 

0.01;252 

■  >454 

1487 

369 
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CO,  -  CO  *  (l/2)02 


TEMPERATURE  °F 

(a) 


(b) 

Fig.  4-6.  Equi!>Vi<  m  constant  A',,  vs  tempftrGture  161. 


AERIAL  TARGET? 


67 


Molecular  Emission  Table  4-4  is  a  tabulation  of  the  iihrared  emission  bands  of 
the  principal  exhaust  gases. 

i  able  4-4.  Major  Infrared  Emission  Bands  ok  Exhaust  Gases  [8] 

Gas  Approximate  Center  of  Major  Emission  Bands  (pi) 

H20  0.94,  1.14,  1.38,  1.88,  2.66,  2.74,  3.17,  6.27 

CO,  1.96,  i:.01,  2.06,  2.69,  2.77,  4.26,  4.68,  4.78,  4.82 

5.17,  115.0 

CO  4.663,  2.345,  1.573 

HC1  3.465,  1.764,  1  198 

NO  5.30,  2.672 

NO,  4.50,  6.17,  15.4 

N,0  2.87,  3.90,  4.06,  4.54,  7.78,  8.57,  16.98 

OH  1.00,  1.03,  1.08,  1.14,  1.21,  1.29,  1.38,  1.43,  1.50, 

1.58,  1.67,  1.76,  1.87,  1.99,  2.15,  2.80,  2.94,  3.08,  3.25 
3.43,  3.63,  3.87,  4 .U,  1.47 

S02  4.0,  4  34,  5.34,  7.35,  8.69 

4. 2.2.2.  Particles  ;n  Exhausts.  Boynton  (9)  measured  the  carbon  particle  size  dis¬ 
tribution  in  the  exhaust  of  a  small  rocket  engine.  The  distribution  io  shown  in  Fig.  4-7. 
It  shows  the  apparent  diameters  in  22,000x  micrographs. 
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PERCENT  OF  PARTICLES  SMALLER  (Gau««lan  Scale) 
Fig.  4-7.  Size  distribution  of  carbon  particles. 


Kurtovich  and  Pinson  [10]  measured  the  particle-eize  distribution  in  the  exhaust 
stream  of  a  scale-model  solid-propellant  rocket.  In  this  case,  the  particles  were  oxide 
products  cf  the  pulverized  aluminum  used  in  some  high-energy  solid  fuels.  The 
distributions  at  two  points  downstream  of  the  exit  are  given  in  Fig.  '8  In  Fig.  4-9 
the  computed  effect  of  particle  size  on  the  overall  exhaust  emissivity  is  given,  for  the 
distribution  indicated  by  the  solid  line  in  Fig.  4-8. 

In  Fig.  4-8  the  particle  size  distribution  s'  .wo  distances  from  the  nozzle  exit  plane 
is  given.  The  volumetric  particle  concentration  was  1.14  x  10  s.  The  solid  curve 
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lOOO°R 


Tc  «-  8’i5  pala 


*» ARTICLE  SIZF  (microns) 

Fig.  4-8.  Particle  aize  distribution. 


Fig.  4-9.  Emisc:v;ty  as  a  function 
of  upper  limit  of  particle  size. 


in  Fig.  4-8  represents  a  distribution  for  which  the  emissivity  cfa  particle  cloud  1  ft  thick 
has  been  calculated.  This  is  shown  in  Fig.  4-9  as  a  function  of  an  upper  limit  to  particle 
size. 

4.2.4.  Heating  During  Exit.  Heating  during  exit,  as  a  result  of  supersonic  veloc¬ 
ities  in  the  atmosphere,  may  be  calculated,  though  certain  data,  particularly  those 
regarding  the  boundary-layer  flow,  are  not  completely  determined.  The  heat  flow, 
q,  into  a  surface  is  calculated  as  follows: 

q  =  C*PMCp  [t(i  +  /^-~Af*)  -  7v] 

In  this  equation,  7  =  boundary- layer  temperature  and  R  is  the  recovery  factor  (0.82 
to  0.88  [111  depending  mostly  on  the  state  of  flow). 

Radiation  Processes.  Aerodynamic  heating  is  discussed  in  Chapter  21.  Figure 
4-10  is  an  example  of  a  time-temperature  curve  of  a  nose  fairing. 


Nose  Fairing 


31  Cal.  Ogive 
0.045"  Al. 


Fig.  4-10.  Te  iperature  of  Acrobee  ICO 
nose  failing  (.  ASA  Flight  No.  4.12). 
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4.2.5.  Heating  During  Reentry.  Reentry  heating  is  caused  by  aerodynamic 
friction  and  shock  effects.  The  radiation  contributions  are  thus  from  the  heated  body 
and  the  shocked  air. 

As  a  body  enters  the  earth’s  atmosphere,  considerable  energy  is  released  through  he 
interaction  of  the  body  and  the  atmosphere.  The  optical  radiations  leieased  ore  func 
tions  of  the  original  condition  of  the  event,  e.g.,  velocity,  mass,  material,  angle  of  attack, 
and  vehicle  shape. 

Beiow  70  or  80  km,  the  atmosphere  may  be  considered  to  be  a  continuum,  and  fluid 
dynamics  principles  may  be  applied. 

A  blunt  body  has  a  comparatively  large  noimal  shock,  with  the  result  that  consider¬ 
able  air  is  heated  and  dissociated.  Much  of  thr  energy  stored  dun.»g  dissociation  is 
not  released  until  the  air  has  passed  into  the  w  *ke.  A  slender  vehicle,  on  the  other 
hand,  has  little  or  no  normal  shock,  so  that  there  is  less  heating  and  little  dissociation 
of  the  air.  The  frictional  drag  of  the  surface  does  cause  the  air  in  the  boundary  layer 
to  decelerate,  but  the  energy  thus  made  available  can  ir  large  part  be  efficiently  con¬ 
ducted  to  the  body. 

The  radiation  from  the  surface  may  be  calculated  if  the  temperature  and  spectral 
emissivity  of  the  surface  are  knovm.  Empirical  relationships  have  been  developed 
which  permit  one  to  calculate  the  heat  input  for  spheres,  cones,  cylinders  and  combina¬ 
tions  thereof.  These  relationships  depend  upon  vehicle  velocity,  ambient  density, 
and  of  course  the  shape  of  the  vehicle.  The  temperatures  reached  are  functions  of 
the  thermal  properties  of  the  material  of  the  body.  However,  the  contributions  from 
contaminants  in  the  wake  often  completely  overshadow  all  other  contributions. 

4.3.  Surface  Targets 

Infrared  surface  targets  include  a  wide  variety  of  radiation  sources  which  can  be  cat¬ 
egorized  in  a  number  of  different  ways.  There  are  land  targets  and  sea  targets:  there 
are  strategic  targets  and  tactical  target?;  ‘here  are  fixed  targets  and  mobile  targets; 
there  are  active  targets  and  passive  targets.  The  wide  differences  between  types  of 
surface  targets  are  evident  from  a  listing  of  just  a  lew  examples:  rivers,  lakes,  woods, 
fields,  roads,  railroads,  airstrips,  buildings,  bridges,  factories,  shipping  facilities, 
power  plants,  ships,  submarine  wakes,  vehicles,  and  personnel.  In  spite  of  the  diver¬ 
sity,  it  is  apparent  from  this  list  that  most  surface  targets  are  opaque,  or  nearly  opaque, 
bodies  and  that  many  of  them  (though  certainly  not  all)  are  at  close  to  ambient  tem¬ 
peratures  (approximately  300"K).  While  some  surface  targets  (eg.,  the  exhaust 
manifolds  of  tanks  or  other  vehicles,  power  plants,  or  blast  furnaces)  can  be  distin¬ 
guished  by  temperatures  which  are  definitely  higher  than  any  of  the  surroundings, 
many  passive  objects  near  ambient  temperature  must  be  recognized  by  other  charac¬ 
teristics,  such  as  shape,  size,  position,  end  contrast,  in  the  spatiai-distribution  pat¬ 
tern  of  radiance. 

4.4.  Radiometric  Analysis  and  Discussion 

See  Chapter  2  (  Radiometry  Chapter  6  (Atmospheric  Phenomena),  and  particularly 
Chapter  5  (Backgrounds)  for  more  complete  discussions  of  these  topics.  Note  that 
atmospheric  phenomena  enter  into  the  situation  not  on  v  because  of  atmospheric 
attenuation  ol  source  radiation  but  also  through  the  meteorological  effects  on  the 
surface  temperature  and  emissivity  rf  radiation  sources.  This  is  strikingly  illustrated 
by  the  "washout  effect”  [12, ’3!.  Chapter  5  is  particularly  pertinent  because,  in  gen¬ 
eral,  there  is  no  inherent  difference  between  a  background  source  and  a  target  source 
of  radiation.  The  designation  as  one  or  the  other  reflects  only  the  interest  of  the 
moment  -  the  source  of  interest  is  a  target;  other  sources,  from  which  radiation  is 
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received  along  with  target  radiation,  are  the  background.  Also,  for  most  applications 
the  important  considerations  are  those  of  target-background  contrast,  not  just  of  tar¬ 
get  radiation  alone. 

Tiie  radiance  N  of  an  opaque  body  \ which  includes  most  surface  targets)  consist  cf 
that  due  to  self  emission  A',  and  that  due  to  reflection  or  scattering  of  incident  radi¬ 
ation  Nr: 

N  =  N,  +  N-  w  crrr!  sr'1  (4-1) 

The  relative  magnitudes  of  N,  and  A',  depend  upon  a  number  of  factors,  of  which  the 
two  most  important  are:  (1)  the  surface  properties  of  the  body  (including  the  surface 
temperature)  and  (2)  the  incident  radiation.  Nf  will  be  more  likely  to  predominate 
over  Nr  when  the  surface  has  high  emissivity  and  low  reflectance  (rough  and  dar..j, 
and  conversely  Nr  will  tend  to  be  greater  when  the  surface  has  high  reflectance  and  low 
emissivity  (bright  and  shiny).  The  interrelationship  is  examined  in  more  detail  in 
Section  4.4.3.  Considerations  of  specular  vs  diffuse  reflectance  and  the  relative  spatial 
positions  of  illuminating  source,  target,  and  detector  also  may  greatiy  affect  the  rela¬ 
tive  magnitude  of  Nr  which,  of  course,  depends  directly  upon  the  incident  radiation, 
especially  its  magnitude  and  its  distribution  in  wavelength  and  in  direction. 

At  night,  self-emission  Nr  usually  pred  rminates  for  military  targets  in  the  field 
and  Nr  may  be  neglected,  except  when  the  target  is  irradiated  by  the  source  of  an  active 
or  semiactive  detection  system  (usually  operating  at  wavelengths  of  1  ^  or  less).  In 
sunlight  the  relative  importance  of  N,  arid  Nr  depends  greatly  on  the  wavelength 
range  as  well  as  on  target  surface  conditions  (including  temperaturee).  At  longer 
wavelengths,  greater  than  about  4  or  5  n,  reflected  or  scattered  sunlight  is  relatively 
unimportant  and  Nr  may  usually  be  neglected;  at  shorter  wavelengths,  less  than  about 
1  or  2  fi,  self-emission  becomes  unimportant  except  for  very  hot  targets,  such  as  an 
exposed  red-hot  exhaust  pipe,  so  that  for  bodies  cio  e  to  ambient  temperatures  Nr 
may  be  ignored.  \t  intermediate  wavelengths,  from  about  1  to  5  p,  either  or  both 
Nr  and  Nr  may  be  important.  Reference  [14]  is  an  annotated  bibliography  on  emit- 
tance  and  reflectance  in  the  infrared,  listing  910  pertinent  references. 

4.4.1.  Thermal  Emission.  The  simplest,  and  probably  the  most  frequently  used, 
approach  to  the  evaluation  of  Nr  is  to  consider  an  opaque  solid  as  a  graybody  which, 
at  a  uniform  surface  temperature  of  T°K  and  in  a  direction  in  which  its  emissivity  is 
t,  will  radiate  according  tn  the  Stefan-Boltzmann  law: 

Nr  =  -i tT*Itt  w  cm-1  sr~'  (4-2) 

where  </  =  5.67  x  10  1S  w  cm-*  (°K)-4. 

If  the  surface  is  rough  or  weathered,  so  that  it  approximates  a  perfectly  diffusing  or 
"Lambert  law”  surface,  the  emissivity  «,  and  hence  Nr,  will  be  the  same  for  ell  directions, 
but  in  general  it  is  a  func  ion  at  least  of  the  angle  #  from  the  normal  to  the  surface,  «  = 
t(0).  If  the  surface  is  not  uniform,  ic  may  also  vary  with  azimuth  direction  and  with 
position.  The  exact  relationship©  are  summarized  in  Section  4.4.3.  Nevertheless,  the 
Lambert  law  assumption  i»  often  made  for  lack  of  any  data  to  establish  the  v  ariations 
of  «  with  respect  to  direction  and/or  position. 

Jf  e  is  constant  with  respect  to  both  direction  and  wavelength,  and  the  en~  ’g  sur¬ 
face  is  at  a  uniform  temperature  T,  the  radiant  intensity  of  the  entire  target  in  s  given 
direction  is 


-  N.  [  cos  8dA  =  NrAp 


v,  sr  1 


(4-3) 
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where  Ap  *  /  cos  0  dA  is  the  projected  area  of  the  target  perpendicular  to  the  given 
direction  (6  is  the  angle  between  that  direction  and  the  normal  to  the  surface  element 
dA  and  the  integration  is  carried  oat  over  all  of  the  "exposed’’  surface  of  the  target, 
i.e.,  all  that  can  be  "seen"  from  the  given  direction).  If,  however,  there  are  temper¬ 
ature  gradients,  and  different  areas  of  the  exposed  surface  are  at  different  temperatures, 
the  radiant  intensity  .s  given  instead  by 

Je  -  j  Nc  cos  d  dA  wsr  1  v4-4i 

where  N,  is  expressed  as  a  function  of  the  temperature  T  of  the  element  dA  by  Eq  (4.2) 
and  the  temperature  T,  in  turn,  is  expressed  as  a  function  of  the  surface  coordinates 
which  define  dA.  The  integration  may  be  replaced  by,  or  approximated  by,  a  summa 
tion  if  the  surface  can  be  divided  into  uniform  regions  each  of  which  radiates  in  accord¬ 
ance  with  Eq.  (4-2).  In  that  case  the  radiant  intensity  of  each  exposed  region  is  com¬ 
puted  separately  by  Eq.  (4-3)  and  the  results  are  simply  added  to  obtain  the  radiant 
intensity  of  the  entire  target. 

It  is  only  when  the  target  surface  has  constant  emissivity  and  is  also  everywhere 
at  uniform  temperature  that  the  value  of  its  radiance  N,,  or  its  radiant  intensity  J,, 
as  measured  with  a  nonselective  radiometer  (with  equal  response  at  al!  wavelengths), 
can  be  unambiguously  associated  with  its  temperature.  It  is  for  this  reason  that  the 
WGIRB  (Working  Group  on  Infrared  Backgrounds)  recommended  stn  ngly  against  the 
unfori unate ly  all-too-coinmon  practice  of  using  temperature  as  a  radiometric  unit 
in  lieu  of  lsdiance  [15]. 

Even  when  temperature  gradients  and  differences  exist  and/or  the  emissivity  is  not 
constant  with  location  and  direction  (but  is  constant  with  respect  to  wavelength), 
the  radiance  of  each  portion  (possibly  infinitesimal)  of  the  surface  of  an  opaque  body 
i, s  directly  associated  with  the  surface  temperature  of  that  portion  by  Eq.  (4-2)  It 
is  then  possible  to  evaluate  or  estimate  the  contrast  between  different  areas  with 
slightly  different  °urface  ten-pier  at  ures  and/or  emissivities  by  the  relation 

dNr  _  a(4*T3  dT  +  T 4  de)lir 
Nr  S<tT*ItT 

—  4dT!T  +  dtl(  dimensionless  (4-5) 

Larger  differences  are  evaluated  by  directly  computing  N,  for  each  portion  by  mean-, 
of  Eq.  (4-2)  and  then  taking  the  difference  or  making  the  comparison.  Contrast  is 
then  measured,  by  analogy  with  the  expression  dNIN,  by 

C  -  (AT,  -  Nj)/N  =  2iNt  -  N2)/(N,  +  N2)  (4-6) 

If  the  background  radiance  NH  is  regarded  as  the  reference  level  and  one  wishes  to 
designate  the  contrast,  with  respect  to  this  background  level,  of  ?.  target  of  radiance 
St,  one  may  instead  compute  Lie  contrast  as  (16] 

C  —  < N —  Nr  )}Nr  dimension.  (4-7) 

It  must  be  strongly  reemphasized  that  the  foregoing  relations,  ir.  terms  of  total 
radiation  (all  wavelengths)  have  all  been  based  on  the  graybedy  (const&nt-spectral- 
emissivity)  a3sumotion,  which  is  usually  only  approximately  true  of  real  targets. 
Furthermore,  application  of  these  relations  also  implies  a  detector  response  to  total 
radiation,  i.e.,  nonselective  response  or  constant  spectra!  responsivity.  Spectral 
distribution  has  been  ignored,  although  the  strong  wavelength  dependence  of  atmoe- 
spheric  attenuation  and  the  frequent  use  of  spectral  filters  and  spectrally  selective 
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detectors  makes  it  e.  very  important  consideration  in  many,  if  not  most,  applications. 
Accc  viingly,  these  relations  will  ordinanly  give  only  approximate  o'  qualitative  re¬ 
sults  for  real  situations,  and  often  the  approximation  may  be  very  jioor.  On  the  other 
hand,  any  evaluation  of  spectral  effects  as  functions  of  source  temperature,  based  on 
the  Planck  law  (see  Chapter  2),  is  best  carried  out  in  terms  of  each  particular  situ¬ 
ation.  Attempts  to  write  expressions  which  will  apply  generally  in  a  wide  variety 
of  circumstances  rapidly  liecome  prohibitively  complex. 

4.4.2.  Reflection.  The  measurement  and  specification  of  reflectance,  even 
for  opaque  materials  where  multiple  internal  reflections  are  not  involved,  is  not  at  all 
a  oimple  matter.  The  additional  complications  which  arise  with  semitransparent  mate¬ 
rials  are  well  discussed  in  l  17]  and  [18],  and  will  not  be  considered  farther  here. 

It  is  particularly  important  here  to  recognize  that  the  valu.  of  total  reflectance, 
p,  which  is  related  by  Kirehhofl’o  lew  to  the  absorptance,  a,  or  the  eni  isivity,  of 
an  opaque  body. 


«  =  €  =  (!  —  p!  dimensionless  (4-8) 

may  be  quite  different  from  the  value  of  directional  or  partial  reflectance  (see  Section 
2.10),  which,  together  with  the  spatial  distribution  of  ircidem.  ra. nation  and  the  loca¬ 
tions  of  the  target  and  detector,  determines  the  value  of  N,  in  Eq.  (4-1).  The  basic 
relationships  inw.  lved  are  clearly  and  concisely  summarized  in  «m  appendix  to  a  pap'-r 
by  Richmond  beginning  on  page  151  of  [19). 

In  general,  rnetnured  values  of  reflectance  may  be  applied  correctly  only  to  situations 
which  involve  the  same  geometric  relations  between  the  source  of  irradiance,  the 
reflecting  surface,  and  the  receiver  or  detector.  Any  change  in  the  geometry  of  either 
the  incident  beam  or  the  reflected  beam  of  radiation  may  result  in,  or  require,  a  dif¬ 
ferent  value  of  reflectance. 

Possible  confusion  in  terminology  should  be  noted.  Throughout  most  of  [19],  a  dis¬ 
tinction  is  made  between  reflectivity,  which  is  defined  as  the  property  ol  .?  material 
(i.e.,  measured  with  an  ideally  smooth  and  clean  surface),  and  reflectance,  whici  is  tns 
fraction  of  incident  radiation  reflected  from  a  particular  sample,  regardless  of  its  sur¬ 
face  condition.  The  tei  ms  emissiviiy  and  emittance  are  used  similarly  with  correspond¬ 
ing  meanings,  and  the  power  per  unit  area  emitted  by  a  source,  which  we  have  called 
the  radiant  ernittance,  W  (following  [20])  is  irstead  called  the  emissive  power,  f'ill 
another  term,  albedo,  is  frequently  used  by  astronomers  and  meteorologists  to  desig¬ 
nate  the  total  radiant  reflectance  of  natural  objects.  Similarly,  visual  albedo  is  used 
to  designate  the  lumino;is  reflectance  121]  (see  Chapter  2  for  further  comments  on 
this  nomenclature). 

4.4.3.  ’•’’actors  Alfectin*  the  Tempersturea  of  Passive  Targets.  Since  the  self- 
emission  of  an  opaque  target  is  so  closely  dependent  upon  its  surface  temperature, 
it  is  important  to  recognize  the  factors  which  determine  that  temperature  for  a  passive 
or  inert  object  under  field  conditic.is.  This  is  a  very  complex  situation  th?t,  in  praJice, 
is  usually  not  amenable  to  quantitative  treatment  except  for  making  very  rough 
approximations  [22].  However,  qualitatively  it  is  always  useful  and  important  tc 
recognize  and  take  into  account  the  various  contributing  factors,  such  as  the  incident 
radiation  or  other  source  of  heat,  the  recent  history  of  incident  radiation  or  other  heat¬ 
ing,  the  absorptivity  (see  Eq.  (4-8)),  the  heat  conductivity,  the  heat  capacity,  the  size 
and  shape  and  material  of  the  target,  and  other  ambient  conditions  such  as  convective 
cooling  or  heating  by  winds  or  cooling  by  rain,  or  other  precipitation  or  condensation 
(uew),  and  by  its  subsequent  evaporation  [23].  While  the  foregoing  list  may  not  be 
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exhaustive,  it  probably  include  the  most  important  parameters  and  is  complete  enough 
to  suggest  others  which  may  be  oertinent  in  a  particular  case. 

The  forms  in  which  heat  energy  reaches  the  surface  of  the  earth,  both  fron  above 
and  from  below,  are  shown  in  diagrams  of  the  daytime  heat  balance  (Fig  4-11/,  and  the 
nighttime  heat  balance  (Fig  4-12)  [24].  These  are  simplified  diagrams  of  average 
or  gross  effects  and  do  not  take  into  account  the  local  gradients  which  result  from 
differences  in  heat  capacity  and/or  heat  conductivity,  interactions  between  terrain 
configuration  and  sun  (shadowing)  <v  winds  (sheltering),  etc.  The  resulting  varia¬ 
tions  in  surface  temperatures  give  rise  to  most  of  the  observed  diurnal  and  seasonal 
variations  and  the  effects  of  overcas*  histories.  A  thorough  understanding  of  the 
phenomena  involved  is  essential  for  the  interpretation  of  strip  maps  obtained  with 
infrared  scanners  and  for  the  development  of  effective  camouflage  techniques. 
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Fig.  4-11.  Hc-at  balance  at  the 
earth’s  surtace  at  midday  ([24], 
taken  from  The  Climate  Near  the 
Ground,  by  R.  Geiger,  Harvard 
University  Press,  1950). 


Fig  4-12.  Heat  balance  at  the 
earth’s  surface  at  night  ([24), 
taken  from  The  Climate  Near  the 
Ground,  by  R.  Geiger,  Harvard 
University  Press,  1950). 
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4.5.  Measured  Values  of  Radiant  Emissivity  and  Reflet4  vnre 

The  complexities  involved  in  the  description  and  specification  of  the  interrelated 
parameters  of  radiant  emissivity  and  reflectance  have  been  summarized  in  preceding 
sections,  particularly  in  Chapter  2.  The  basic  concepts  end  relations  are  not  always 
clearly  defined  or  applied  in  reports  of  measurement  results,  and  a  variety  of  measur¬ 
ing  techniques  is  employed,  with  the  result  that  i  .icertainties  exist  regarding  many 
published  values  [25].  Some  representative  values  of  emissivities  and/or  reflectances 
are  presented  here,  but  it  must  be  reemphasized  that  they  can  be  regarded  as  accurate 
and  strictly  applicable  only  in  situations  where  the  ray  geometry  corresponds  to  that 
used  in  making  the  measurements,  and  also  only  where  the  surface  conditions  (weather¬ 
ing,  corrosion,  etc.)  of  the  target  or  sample  correspond  to  those  of  the  sample  measured. 
Usually,  however,  it  is  difficult  if  not  impossible  even  to  determine  the  degree  to  which 
these  conditions  are  satisfied  or  reproduced.  Often  the  pertinent,  information  is  not 
included  in  the  measurement  report,  but,  even  when  it  is,  verification  is  not  i  simple 
matter.  Consequently,  the  reported  values  are  often  useful  only  to  indicate  th  -  orders 
of  magnitude  involved  and  to  suggest  the  probable  relationship  or  contrast  between 
a  target  and  other  targets  or  background  objects  as  detected  by  a  particular  infrared 
device. 

It  is  only  possible  to  present  here  a  few  representative  curves  and  tabulated  values. 
Additional  measurement  reports  are  found  in  the  literature,  and  an  extensive  listing 
of  published  material  prior  to  1959  ie  found  in  [14],  Reference  [2b]  contains  an  ex¬ 
tensive  tabulation  of  published  experimental  results  through  1957,  giving  considerable 
detail  about  the  coverage  of  the  measurements  and  references  to  the  measurement 
reports  be  t  not  the  measured  values  themselves.  More  detailed  data  on  the  reflectance 
and  emissivity  of  different  materials,  particularly  of  pure  substances  with  clean  sur¬ 
faces,  measured  in  the  laboratory  (reflectivities  and  emissivities  rather  than  reflec¬ 
tances  and  emittances  or  emissances,  in  the  much-debated  terminology  for  distinguish¬ 
ing  material  properties  from  the  parameters  of  particular  samples  [19J)  are  found  in 
standard  references,  su  '  the  Handbook  of  Chemistry  &  Pky3ics  (Chemical  Rubber 
Publishing  Co.)  and  the  unemotional  Critical  Tables. 

The  measurements  shown  here  arc  all  for  opaque  substances,  and  the  reflectances 
are  assumed  to  be  at  least  approximately  equivalent  to  total  reflectance  p,  or  directional 
reflectance  Pd,  as  defined  in  Chapter  2  (note  particularly  the  distinction  between  the 
latter  and  the  partial  reflectance  or  reflectance  distribution  function  p’)  so  that  they 
may  be  related  to  the  corresponding  emissivitiec.  and  absorptances  by  Eq  (4-8).  As 
emphasized  in  Section  4.4.3.,  however,  Eq.  (4-8)  holds  strictly  only  for  monochromatic 
radiation,  for  radiation  consisting  only  of  wavelengths  for  w’hich  values  of  reflectance, 
emissivity,  and  absorptance  do  not  vary  with  wavelength,  or  where  the  reflectance 
and  absorptance  values  are  those  for  incident  radiation  with  a  blackbody  (graybody) 
spectral  distribution. 

Spectral  reflectance  curves  for  a  few  varieties  of  ordnance  materials  are  presented 
in  Figs.  4-13  to  4-16  [27],  Similar  curves  for  surfaces  and  finishes  of  naval  interest 
are  shown  in  Figs.  4-17  through  4-24  [281.  Reference  [291  covers  an  extensive  study 
of  the  reflectances  of  a  wide  variety  of  terrain  features  and  of  paints  and  finishes,  in¬ 
cluding  the  effects  of  water  immersion  on  the  latter.  Some  of  the  spectral  reflectance 
curves  are  presented  in  Fig.  4-25  as  they  were  summarized  in  [30],  where  these  and 
other  similar  data  from  [29]  were  us*m!  to  compute  the  emissivities  in  the  3-5-p  and 
8-13-p  bands  listed  in  Table  4-5,  which  also  includes  values,  obtained  similarly  from 
the  spectral  reflectance  curves  of  [28],  for  reflectances  in  the  0.7-1. 0-p.  band  and  emis¬ 
sivities  in  the  1.8-2.7-p  band.  The  importance  of  the  substrate  to  which  a  paint  is 
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applied  and  the  effect  that  the  substrate  may  have  on  the  spectral  reflectance  of  the 
painted  surface  is  illustrate  '  by  Figs.  4-26  and  4- 27  [291 
Curves  of  directional  reflectance  for  some  paving  and  roofing  materials  and  paints, 
showing  die  effects  of  different  angles  of  incidence  in  different  spectral  regions,  appear 
in  Figs.  4-28  through  4-33  [17].  Note  that  the  "directional  reflectivity,”  rao ,  of  [17] 
(plotted  in  these  figures)  is  related  to  the  partial  reflectance  p\  as  defined  in  Eq.  (2-45), 
as  follows: 


rae  =  p’(a,  </>,  /S,  <f>  ±  n)  cos  a  con  /3 


(4-9) 


Table  4-5.  Reflectance  (p)  and  Emissivity  («)  of  Common  Terrain  Features'1 


Green  Mountain  Laurel  p 

'Voting  Willow  Leaf  (dry,  top) 

Holly  Leaf  (dry,  top) 

Holly  leaf  (dry,  bottom) 

Pressed  Dormant  Maple  Leaf  (dry,  top) 

Green  Leaf  Winter  Color  — Oak  Leaf  (dry,  top) 

Green  Coniferous  Twigs  (Jack  Pine) 

Grass -Meadow  Fescue  (dry) 

Sand  -  Hainamanu  Si  It  Loam  -  Hawaii 
Sand--Bame8  Fine  Silt  Loam-So.  Dakota 

Sand-Gooah  Fine  Silt  Loam -Oregon 
Sand  -  Vereiniging  -  Africa 
Sand -Maury  Silt  Loam-  Tennessee 
Sand  —  Dublin  Cl°y  Loam  -  California 
Sand— Pullman  Loam— New  Mexico 

Sand  — Grady  Silt  Loam -Georgia 
Sand  — Colts  Neck  Loam  — New  Jersey 
Sand  — Mesita  Negra  —  lower  test  site 
Bark  — Northern  Red  Oak 
Bark  —  Northern  American  Jack  Pine 
Bark  -  Colorado  Spruce 

•Estimated  average  value*  of  reflectance  p.  or  emisaivity  t  =  ! 
the  spectral  reflectance  curve*  of  [291  !eome  of  which  are  shown  in  Fig.  4-25' 


:.0p 

1. 8-2.7  p 

3-5  p 

8-13  ft 

0.44 

t  =  0.84 

t  =  0.90 

€  =  0.92 

0.46 

0.32 

0.94 

0.96 

0.44 

0.72 

0.90 

0.90 

0.42 

0.64 

0.86 

0.94 

0.53 

0.58 
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Fig.  4-13.  llpectral  reflwtance  of 
ruhbei  track  block,  natural  rubber 
on  nylon  febric,  CF-11  (271. 
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Fic.  4-14.  Spectral  reflectance  of 
cotton  herringbone  uniform  fabric, 
D  C.  No.  7  Wool  Elastique  O.D. 
No.  51  127], 
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Fig.  4-15.  Spectrnl  reflectance  of 

mild  steel  oxidized  blue  and  stain-  *0  - 

ieaa  Bteel  oxidized  grey  127]. 
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Fig,  4-16.  Spectral  reflectance  of 
butyl  on  cotton  fabric.  O.D .  CF-21 
and  vinyl  on  cotton  fabric,  O.D.. 
CF-13  [27], 


RE  FLECTl V1T V  (%)  RE  Ff  JECVIVITY  ( 6 


Fig.  4-17.  Spectral  reflectance  of  aluminum  foil,  0.001  i...  RM-216 
(Reynolds  Met*.!  Co.)  [28], 
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Fig.  4-2 1.  Spectral  reflectance  of  enamel,  white,  exterior  No  175 
(Walter  N.  Boysen  Co.)  [28], 


Fig.  4-23.  Spectral  reflectance  of  aaphaltic  road  material,  S0-< 
(Standard  Oil  Co  of  California)  (28). 
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Fig.  4-24.  Spectral  reflectance  of  coal  tar  pitch,  melting  point  170-18G°F 
(Barrett  Div.,  Allied  Chemical  and  Dye  Corp.)  [281. 
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Fig.  4-25  Spectral  reflec'.ance  of  nix  terrain  feature#  in  the  region 

(baaed  on  1301;  original  source)  129). 


1 


(%)  NOU.331J.Tti 


(%)  NOU3J1J3M 


Fig.  4-26.  Spectral  reflectance  of  paint  No.  13,  showing  dependence  on  substrate  [29]. 
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Fig.  4-27  Spectral  reflectance  of  paint  No.  2,  showing  dependence  on  substrate  !28). 
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Fic.  4-30.  Directional  reflectivity  (Eq.  4-9)  curves 
for  concrete  painted  with  Codit  silver  paint  1*7). 
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Fig.  4-33.  Directioaal  re*  activity  (Ex,.  4-91  cur-vee 
for  corrugated  metal  (171. 
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5.  Backgrounds 


5.1.  Sky  Backgrounds* 

Sky-background  radiation  in  the  infrared  is  caused  by  scattering  of  the  sun’s  radiation 
and  by  emission  from  atmospheric  constituents.  Figure  5-1  illustrates  the  separation 
of  the  spectrum  into  two  regions-the  solar  scattering  region  short  of  3  ft,  and  the 
thermal  emission  region  beyond  4  p.  Solar  scattering  is  represented  by  reflection  from 
a  bright  sunlit  cloud,  nd  alternatively  by  a  curve  for  clear-air  scattering.  The  thermal 
region  is  represented  by  a  300°  K  blackbody.  Figure  5  2  shows  blackbody  curves  for 
temperatures  tanging  from  0°  to  40°C.  This  simple  model  is  modified  by  a  number  of 
factors:  in  the  solar  region  there  are  absorption  bands  o:  water  vapor  at  0.94,  1.1,  1.4, 
1.9,  and  2.7  p.  and  of  carbon  dioxide  at  2.7  p.  The  efft  :t  of  these  bands  is  shown  in 
Fig.  5-3. 

In  the  thermal  region  the  bands  which  have  strong  abf  -orption,  and  thus  strong  emis¬ 
sion,  will  approach  very  closely  to  the  blackbody  curve  appropriate  to  the  temperature 
of  the  atmosphere.  Less  strongly  emitting  regions  ma  rontribute  only  a  small  frac¬ 
tion  of  the  radiation  of  a  blackbody  at  the  temperature  c  f  the  atmosphere.  The  bottom 
curve  in  Fig.  5  4  is  a  good  example.  This  zenith  measurement,  taken  from  a  high, 
dry  location,  Elk  Park,  Colorado,  shows  low  emission  except  m  the  strong  band  of 
CO  -  at  15  p  and  of  H-0  at  6.3  p.  There  is  also  a  weak  emission  peak,  due  to  ozone, 


Fig  5-1  Contributions  from  scattering 
and  atmospheric  emission  to  background 
radiation  11], 


WAVELENGTH  (m) 

Fig.  5-2  Spectral  radiance  of  a 
blackbody  with  temperature  in  the 
range  of  0  to  40°C  [  1  ] 


‘See  also  Notts  Added  in  Proof,  page  170. 
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Fig.  5-3.  Spectral  radiance  of 
the  clear  daytime  sky  [1], 


WAVELENGTH  (a) 


Fig.  5-4.  The  spectral  radiance  of 
a  clear  nighttime  sky  for  several 
angles  of  elevation  above  the  horizon 
(Elk  Park  Station,  Colorado)  [1|. 


at  9.6  /x.  The  low-level  continuum  is  due  to  the  wings  of  the  strong  bands  of  HtO 
and  COi.  The  effect  of  increased  humidity  and  air  mass  can  be  seen  by  comparing 
the  bottom  curves  of  Fig.  5-4  and  5-5.  Figure  5-5  shows  measurements  taken  at  a 
humid  ses  -level  location,  Cocoa  Beach,  Florida. 

The  effect  of  increasing  air  mass  alone  can  ly  '  Fig.  5-4  and  5-5,  by  com¬ 

paring  curves  taken  from  the  same  altitude  a  various  elevation  angles  The  emission 
shows  a  systematic  decrease  with  increasing 
elevation  angle.  The  direction  of  look  also  has 
an  effect  in  the  solar  scatteiing  region,  as  seen 
in  Fig.  5-3,  where,  for  a  clear  sky,  the  sun  posi-  -r 

tion  is  fixed  and  the  spectral  radiance  is  plotted 
for  several  observer  angles.  laoo  - 

The  position  of  the  sun  f  as  a  strong  effect  on  N 

the  scattered  radiation  in  the  solar  ref, don,  as  E 

shown  in  Fig.  5-6,  where  the  "Sserver  looks  at  * 

the  zenitli  and  the  elevation  angle  of  the  sun  “  ioon  - 

.  ui  ™  r  o°  i  8° 

is  varied  out  has  little  effect  on  the  radiation  u  j 

in  the  thermal  region.  The  temperature  of  5  I  7.2° 

the  atmosphere,  on  the  other  hand,  ha3  a  strong  £  /r  fjt\  M5° 

effect  on  the  radiation  in  the  thermal  region  <  500  / 

but  little  effect  in  the  solar  region.  The  pres-  £  /  L\y  J  \ 

er.oe  of  clouds  will  affect  both  the  near-infrared  ^  I  J 

solar  scattering  and  the  thermal-region  «  /  l/V 

/  80° 

emission  J 

Near-infrared  radiation  exhibits  strong  2  5  ^  ^0“ 

forward  scattering  in  clouds.  Thus  the  rela-  wavelength 

tivc  positions  of  sun,  observer,  and  cloud 

become  especially  important.  For  a  heavy  F,c,  5‘5  1?;/pect",!  rfadiance  °f 

a  clear  nighttime  sky  for  several 

overcast  sky,  mil ti pie  scattering  reduces  the  angles  of  elevation  above  the  horizon 

strong  forward  scattering  effect.  (Cccoa  Beach,  Florida)  1 1  ] 


-7.2° 

—  14.5° 
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Fig.  5-6.  Spectral  radiance  of  a 
clear  zenith  sky  aa  a  function  of 
sun  position;  A  =  9un  elevation  77°, 
temperature  30°C;  B  =  sun  elevation 
41°,  temperature  25.S°C;  C  =  sun 
elevation  15°.  terr.  perai'ire  26. 5°  C 
111. 


Cloud  Spectrum 
BlacVbody  Curves 


2  5  10  15  20 

WAVELENGTH  (m) 


Fig.  5-7.  The  spectral  radiance  of  the 
underside  of  a  dark  cumulus  cloud  (1). 

Thick  clouds  are  good  blackbodies.  Emission  from  clouds  is  in  the  8-13-m  region 
and  is,  of  course,  dependent  on  the  cloud  temperature.  Because  of  the  emission  and 
absorption  bands  of  the  atmosphere  at  6.3  fi  and  15  n,  a  cloud  may  not  be  visible  in  these 
region?  and  the  radiation  here  is  determined  by  the  temperature  of  the  atmosphere. 
A  striking  example  is  given  in  Fig.  5-7.  Here  the  atmospheric  temperature  is  -FlO°C 
and  the  radiation  in  the  emission  bands  at  6.3  n  and  15  n  approaches  &  value  appro¬ 
priate  to  that  temperature.  The  underside  of  the  cloud  has  a  temperature  of  —  10CC, 
and  the  radiation  in  the  8-13-p.  window  approaches  that  of  a  blackbody  at  —  10CC. 

Figure  h-8  shows  the  variation  of  sky  radiance  as  a  function  of  elevation  angle. 
Figure  5-9  shows  the  variation  with  respect  to  variations  of  ambient  air  temperature, 
and  Fig.  5-10  shows  seasonal  variations. 


1  2  3  4  5 
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Fig.  5-8.  The  spectral  radiance  of 
skv  covered  with  cirrus  clouds  at 
several  angles  of  elevation  [1] 


Fig.  5-9.  Zenith  sky  spectral  radi¬ 
ance  showing  the  large  variation 
with  ambient  air  temperature  1 1 1- 


Fig  5-10.  Spectral  radiance  of  overcast  skies  in  winter 
and  summer  1 2). 
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5.2.  Aurora  13,4]. 

5.2.1.  Auroral  Spectra.*  Auicra  emission  lines  occur  at  0  92,  1.04,  and  1.11  u; 
the  measured  brightnesses  are  about  6  x  10  *  w  cm'*  sr  '  line  '  15]. 

Figure  5-11  shows  the  auroral  spectrum  between  0  9  and  1.2  m  This  reproduction 
was  obtained  by  averaging  a  number  of  individual  spectra  [5].  Figure  5-12  shows 
auroral  spectra  between  1.4  and  1.65  w.  The  dotted  curve  is  the  airglow  spectrum 
fitted  to  the  auroral  spectrum  in  a  region  where  the  auroral  emission  appears  feeble. 
Spectra  (a),  (6),  and  (c)  were  made  in  consecutive  Sbans,  with  a  total  time  of  3  min 
The  relative  intensities  of  feature  on  a  single  scan  are  not  significant  since  the  aurora 
fluctuates  in  brightness  duung  the  scanning  penod  16]. 


Fig.  5-11.  Auroral  spectrum,  0.9  to  1.2  /.i, 
obtained  with  a  lead  sulfide  spectrometer; 
projected  slit  width,  100  A  15], 


Fig  5-i2.  Auroral  spectra,  1.4  to 
1  65  obtained  with  a  lead  sulfide 
spectrometer;  projected  slit  width 
200  A  161. 


‘See  also  Notes  Added  -n  Proof,  page  170. 
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5.2.2.  Auroral  Zones  14].  Figure  5  13  shows  the  auroral  zones.  These  are  di¬ 
vided  into  3  areas:  the  north  and  south  auroral  regions  extending  from  geomagnetic 
latitudes  60s  to  the  poles,  the  ubauroral  belts  between  46c  and  60°,  u.id  the  minaurorai 
belt  between  45° N  and  45°S. 

The  auroral  regions  include  the  auroral  zonec,  which  are  the  regions  of  maximum 
occurrence,  and  the  auroral  caps,  which  are  the  polar  regions  within  the  auroral  zonas 
Although  aurorae  occur  primarily  in  the  auroral  regions,  large  displays  may  occur 
in  quite  low  latitudes.  However,  in  tropical  and  even  low  temperate  latitudes  they 
are  extremely  rare. 


Fic.  5-13.  The  hemisphere  centered  on  (a)  north¬ 
ern  frfomegnetic  pole  (78*5’ N,  69* W  geographic) 
end  (i>)  eouthern  geomagnetic  pole  (75*6  S, 
Ill'll  geographic)  [41. 
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The  frequency  of  aurral  cccurrer.c  has  a  maximum  some  20c  0"  25°  from  the  geo¬ 
magnetic  potes.  Figure  5-14  shows  the  geographic  distribution  of  the  frequency  of 
aurorae  in  the  northern  hemisphere  [7].  The  isochaams  refer  to  the  number  of  nights 
during  the  year  in  which  an  aurora  might  be  seen  some  time  during  the  night,  and 
in  any  pari,  of  ihe  sky,  if  clouds  and  other  factors  affecting  visual  detection  of  aurorae 
do  not  interfere.  Figure  5-15  shows  the  zone  of  maximum  auroral  frequency  in  the 
southern  hemisphere  [81. 


Fig.  5-14  Gecgrepb'c  distribution  of  the  frequency  or  lurorte  in  the  northern  hemisphere  [7J. 


I.Z.S.  Periodic  Variations.  The  number  of  aurorae  obeerved  from  a  particular 
point  over  the  course  of  f.  year  may  vary  widely  and  is  strongly  correlated  witu  sola: 
activity  Minimum  aurora!  activity  corresponds  with  minimum  solar  activity.  Max¬ 
imum  aumrcl  activity  usually  occurj  about  two  years  after  sunepot  maximum 

5.2.4  Height  and  Vertical  Extent  On  auroral  arcs  and  bands  the  most  convenient 
height  to  measure  is  the  apparent  lower  norder,  which  ir,  fairly  sharp.  An  example 
of  a  .  et  of  such  measurements  in  and  near  the  auroral  zone  is  shown  in  Fig.  16  [9j. 
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The  total  number  of  measurements  shows  a  concentration  between  95  and  1 10  km,  with 
a  double  peak.  The  lower  limits  of  individual  rays  appear  10  or  15  km  higher  than  the 
lower  edges  of  most  arcs,  bands,  and  draperies.  Sunlit  auroral  rays  appear  systemati¬ 
cally  higher  than  displays  in  the  dark  atmosphere.  Figure  5-17  shows  the  heights 
of  rays  over  southern  Norway.  A  few  sunlit  rays  extend  higher  than  1000  km. 


Fig.  ft-lf.  Zone  of  maximum  auroral  frequency  in  the  southern  hemisphere  [8]. 


Fio  5-16  Distribution  of  heights  of  lower  borders 
of  auroral  arc.  ;9] 
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Fig.  5-17.  Length  and  position  in  the  atmosphere  of  the  vertical  projections 
of  auroral  rays  in  (a)  sunlight  and  ib)  earth's  sh  dow  (1917-1943)  110] 


5.3.  Night  Airglow 

Airglow  may  be  defined  as  the  nonthermal  radiation  emitted  by  the  earth’s  atmos¬ 
phere,  with  the  exceptions  of  aurora'i  emission  and  radiation  of  a  cataclysmic  origin, 
such  as  lightning  and  meteor  tr  ails  [4], 

Night  airglow  omissions  in  the  infrared  are  caused  by  transitions  between  vibrational 
states  of  the  OH  radical.  The  exart  mechanism  of  excitation  is  still  unclear,  but 
the  effect  is  to  release  energy  from  solar  radiation  stored  during  the  daytime.  Air¬ 
glow  occurs  at  all  latitudes. 

There  is  evidence  [11J  that  some  of  the  excitation  is 

H  +  O,  OH  +  Oi 


OH  +  O  —  O,  +  H 
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Thus,  it  appears  that  the  distribution  of  night  airglnw  is  related  to  that  of  ozone. 
The  measured  heights  of  the  airglow  range  from  70  to  90  km,  which  corresponds  to  the 
location  of  ozone. 

Airglow  brightness  is  specified  in  rayler/ho  (R)  a  measure  of  the  apparent  number 
of  photons  emitted  in  a  column  1  cm1  in  diameter  along  the  observer’s  line  of  eight. 

1  R  =  10*  (apparent)  phutonycm’-sec  (column)  =  4n7 
where  I  is  millic~«  of  photon/(cm1-9ec-sr). 

To  a  go>id  approximation,  the  nightglow  increases  away  from  the  zenith  as  sec  0 
Measurements  usually  are  reported  normalized  to  the  zenith. 

Variations  in  airglow  intensity  during  the  night  seem  to  be  caused  by  the  motion  of 
large  pate  \es  (airglow  "cells”)  with  dimensions  of  about  2500  km  moving  with  velocities 
of  about  71  m  sec'1  [121. 

Figure  5-18  shows  the  relative  brightness  of  airglow  intensity  i  13].  Airglow  emis¬ 
sions  due  to  OH  appear  as  small  maxima  in  the  vicinity  of  1.6  n  and  2.15  /i.  Although 
further  emission  bands  are  predicted  in  the  range  from  2.8  to  4.5  /x,  they  are  thoroughly 
masked  by  the  thermal  emission  of  the  atmosphere.  Fig  ire  5-19  shows  the  nightglow 
spectrum  in  the  1-2 -p.  region  [14],  Looking  straight  '  vn  from  a  satellite,  the  atmos¬ 
pheric  spectrum  should  be  very  similar  to  that  shown  .a  Fig.  5-18  and  5-19.  Table 
5-1  compares  the  approximate  rates  of  emission  for  various  airglow  and  auroral  lines. 
The  references  in  the  footnotes  should  be  consulted  for  further  details.  Note  that,  for 
the  airglow,  all  results  are  given  for  the  zenith  itself  rather  than  for  the  angles  at  which 
observations  are  usually  made. 


1.5  2.0  2.5  1.0  1.5  4 


WAVELENGTH  (m> 

Fig.  5-18.  Airglow  intensity  [  13,'. 


1.0  1.1  1.2  l.S  1.4  1.5  1.0  1.7  l.«  1.9 


WAVELENGTH  (*i) 

Fig.  5-19.  Nightglow  spectrum,  ob¬ 
tained  with  a  scanning  spectrometer 
(projected  slit  width  200  A).  The  ori¬ 
gins  and  expected  intensities  of  OH 
bands  are  shown  by  vertical  lines;  the 
horizontal  stroke*  indicate  the  reduc¬ 
tion  due  to  water  vapor  114). 
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Iable  5-1.  Comparison  ok  Aurora  and  Airglow  Photon  Emission  Rates  [4] 


Source 


Emission 


4nf' 


Aurora,'  IBC  I  [01  la:  5577  A 

II 

III 

IV 


I  kR 
10  kR 
IOC  kR 
1000  kR 


Night  airglow6 
(in  the  zenith) 


Twilight  airgloW 
(referred  to  the  zenith) 


Da\  airglow'' 

(refeired  to  the  zenith) 


[Oik  5577  A  250  R 

[Oik  6300  A  50  100  R 

Na  5893  A 

summer  <  30  R 

winter  200  R 

Ho  6563  A  5-20  R 

Ly  a  1215  A  2.5  kR 

0<  Atmospheric  (0-1)  8645  A  1.5  kR 

02  Herzberg  (observable  range)  430  R 

OH  (4-2)  1.58  m  175  kR 

OH  (estimated  total)  4500  kR 


NV  3914  A 

(quiet  magnetic  conditions) 
Na  I  5893  A 
summer 
winter 

[Oil,,  3300  A 
Ca  II  3933  A 
Li  I  6708  A 
[Nik  5199  A 

O.  IR  Atmospheric  (0-1)  1.56  ^ 

Na  5893  A 
summer 
winter 
[OI hi  6300  A 
OI  8446  A 
01  11,290  A 

N2  3914  A 


1  kR 


1  kR 
5  kR 
1  kR 
150  R 
2CC  R 
10  R 
20  kR 


2  kR 
15  kR 
50  kR 
0.5  kR 
0.5  kR 
|  <  70  kR 
1>  1  kR 


Kecommendt  an  definitions  of  ihe  'ntemational  Bnghtnes*  Coefficients  lIBCl  (15,16). 

"Average  value* 

'Approximate  value*  of  the  maximum  cmiaaion  rite*  Out  are  observed  du.drtg  twilight.  Theae  vai-ta  are  often 
governed  by  the  time  after  aunaet  when  otawrvationa  first  become  poaaible 
alue*  predicted  from  thoorv  1 17-20j. 

’!»/  ia  the  apparent  emission  rate  ir  ray!e>ghs.5  R  =  an  apparent  emiaoion  rate  of  1  megaphoton'cm'-sec  loolumnl. 
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Figure  5-20  shows  the  frequency  distribution  of  air 
glow  and  weak  auroral  brightnesses  near  the  geomag¬ 
netic  pole  (Thule,  Greenland)  and  at  a  subauroral  3tation 
iFrivz  Peak,  Colorado  [91. 

There  is  seme  evidence  that  suggests  a  general  in¬ 
creasing  brightness  of  airglow  emissions  toward  higher 
latitudes  and  a  bright  belt  at  middie  latitudes. 

5,4.  Stellar  Radiation 

5.4.1.  Stellar  Magnitudes  [21].  The  brightness  of 
celestial  bodies  is  usually  measured  in  magnitudes.  The 
scale  of  magnitudes  iu  adjusted  so  that  a  star  of  magni¬ 
tude  +  1.00  (first  magnitude)  gives  a  luminous  flux  of 
0.832  x  10  10  lumen  cm  1  at  a  point  outside  the  atmos¬ 
phere  of  the  earth. 

The  relation  between  the  visible  light  received  from 
two  stars  and  their  magnitudes  is  expressed  by  the  formula 

log  ~  —  0.4<  m2  —  “i!  (5-1) 

12 

Fig.  5-20  Frequency  dis- 

wheK  1  =  illuminance  tnbution  o.  airglow  [91. 

m  =  magnitude 

5.4.2.  Stellar  Spectral  Classes.  Under  the  Harvard  system  of  classification  the 
principal  types  of  spectra  are  designated  by  the  letters  B,A,F,G,K  and  M.  Stare  inter¬ 
mediate  to  these  designations  are  designated  by  suffixed  numbers  from  0  to  9. 

The  apparent  temperatures  corresponding  to  the  various  spectral  classes  are  not 
always  the  same,  but  vary  according  to  -.he  methods  used  to  measure  or  calculate  the 
temperature.  The  following  list  should  be  considered  only  an  approximation  for  main- 
sequence  stars. 

Spectral  Classification  Surface  Temperature  of  Star  UK ) 


B- 0 
A-Q 
F- 0 
G-0 
K- 0 
M-0 


20,000 

11,000 

7.500 
6,000 
5,000 

3.500 


5.4.3.  Numbers  of  Stars.  Table  5-2  shows  the  estimated  number  of  stare  brighter 
than  a  given  magn’tude  for  both  photographic  and  visual  magnitudes.  From  mag¬ 
nitude  0  to  18.5,  the  figures  are  based  on  direct  observation;  the  values  from  magnitude 
18.5  to  21  are  extrapolated 

The  photographic  results  are  based  on  al!  available  material  such  cs  photographs, 
star  charts,  etc.  The  data  for  visual  magnitudes  are  derived  from  the  photographic 
results  by  allowing  for  the  color  of  the  stare.  Very  few  *$ars  are  bluer  than  class  .4-0 
for  which  class  ti  e  visual  and  photographic  magr  >ud<.-  *-e  equal;  but  meny  stars  are 
redder  and  have  color  indices  of  +1  magnitude  oi  nore.  A  list  of  stare  brighter  Us¬ 
ually  than  the  tr.ntii  magnitude,  for  example,  will  contain  many  red  s’tars  which  are 
photographically  of  the  eleventh  magnitude  or  fainter,  and  a  great  many  which  are 
photographically  fainter  than  the  tenth  magnitude.  On  the  other  hand,  a  list  of  M 
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to  the  tenth  photographic  magnitude  will  contain  a  few  blue  stars  which  are  visually 
below  the  tenth  magnitude,  but  not  msuiy.  The  difference  in  the  numbers  in  the  two 
columns  is  thus  explained.  As  seen  by  the  table,  this  effect  increases  for  the  fainter 
stare,  which  are  generally  redder  than  the  brighter  t nee.  Table  5-3  shows  the  percent¬ 
age  of  stars  in  the  six  principal  spectral  classes  for  various  ranges  of  magnitudes. 


Tab  lx  5-2.  Estimated  Total  Numbed  of  Stabs 
Brighter  Than  a  Given  Magnitude  [22] 


Photographic 

Vumhrr  of  Start 

Magnitude 

Photograp  lie 

V  it  uni 

0 

_ 

2 

1 

_ 

2 

l 

— 

12 

2 

_ 

40 

n 

— 

140 

4 

360 

630 

5 

1,030 

1,620 

6 

2, 9*0 

4,860 

7 

8.200 

14,300 

3 

22,800 

41,000 

9 

62,000 

i  17,000 

10 

166,000 

324,000 

11 

431,000 

870,000 

12 

1,100,000 

2,270.000 

13 

2.720,000 

5,700,000 

14 

6,500,000 

13,800,000 

15 

15,000,000 

32,000,000 

16 

33,000,000 

71,000,000 

17 

70,000,000 

150,000.000 

18 

143,000,000 

296,000,000 

19 

27f.OO,7  000 

360,000,000 

20 

50(  ,0410,000 

1,000,000,000 

21 

8511,000,000 

— 

Table  5-3.  Percentage  of  Stabs  or 
Various  Spectral  Classes  [22] 


Vuuai 

fl-0 

B-8 

A- 6 

F-5 

a- 5 

A5 

11 

I 

fcn  R~5 

to 3 

to  P  2 

a_  n 

mj  \/-v 

to  *T-5 

toM- 8 

<  2.24 

28 

28 

7 

10 

15 

12 

2.25  to  3  24 

25 

19 

10 

12 

22 

1? 

3.25  to  4.24 

16 

22 

7 

12 

35 

8 

425  to  5.24 

9 

27 

12 

12 

30 

1C 

5.26  to  6.24 

5 

38 

13 

10 

28 

6 

6  26  to  7.25 

5 

so 

11 

14 

32 

7 

7  26  to  8.25 

2 

26 

11 

it 

37 

7 

8.5  to  9.4 

2 

18 

13 

20 

36 

12 

9.5  to  10.4 

1 

16 

12 

24 

38 

9 

For  All 

Magnitvdee 

2 

29 

9 

21 

33 

6 

Photographic 

B-0 

BS 

A 5 

FS 

OS 

KS 

Magnitude 

to  B  i 

to  A- 4 

to  F- 4 

to  G-4 

to  K-A 

to  MS 

8.5  to  9.5 

2 

31 

16 

24 

24 

3 

9.6  to  50.5 

1 

24 

16 

31 

26 

3 

>0.6  to  11.6 

1 

17 

13 

40 

27 

3 

115  to  12.5 

0 

19 

13 

47 

2f 

a 

12.6  to  13.5 

0 

3 

10 

58 

26 

2 

The  UU  »r»  taken  than  the  pub':«etiooe  of  the  Harvard,  McCormick,  and  Bergedorf 
(Xeervatoriea.  TL»  'ijaamtinuitjr  m  tear*,  appauing  1  et'aann  the  visual  and  photo¬ 
graphic  grouping*  la  in  accordaooa  wiJi  crpact'Lon  l  Of  tha  atari  brighter  then 
magnitude  8  5, 99%  belong  to  the  aii  de**»  lilted. 
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5.4.4.  Galactic  Concentration  of  Stars 

5.4.4. 1.  The  Number  of  Stars  (Galactic  Concentration)  in  Different  Parts  of  the  Sky. 
Table  shews  the  number  of  stars  per  square  degree  brighter  than  a  given  photo¬ 
graphic  magnitude,  for  different  galactic  latitudes 


Table  5-4.  Number  of  Stars  Per  Square  Degree  Brighter  Than  Photographic 


Magnitude  as  a  Function  of  Galacti 

c  Latitudes  [22 

i 

Photographic 

Magnitude 

>90* 

+40* 

+20* 

+  10* 

0* 

-  10* 

-20* 

-40* 

90* 

5.0 

0.014 

0.0175 

0.023 

0.031 

0.059 

C  045 

0.002 

0.0178 

0.012 

6.0 

0.039 

0.063 

0.071 

Q.089 

0  166 

0  126 

0.067 

0.06! 

0  042 

7.0 

0.015 

0  151 

0.20 

0.257 

0A36 

0.323 

0.224 

0  144 

0.123 

80 

0.275 

0.42 

0  69 

0.741 

1 .230 

0.831 

0.617 

0.398 

0.315 

90 

0724 

1.12 

1.62 

2.14 

3.55 

234 

1  69 

1.10 

0.832 

100 

1.78 

295 

4.50 

5.89 

10.5 

6.61 

4  68 

296 

209 

11.0 

4.3 

7.4 

12.0 

16  2 

309 

18.2 

12  8 

776 

5.25 

120 

i!).2 

18.2 

32.0 

43.6 

89.1 

50.1 

34.7 

I9  60 

132 

13.0 

24.0 

43.0 

79  0 

112.0 

245.0 

138  0 

89  1 

47  8 

30.2 

M.O 

50.0 

93  0 

1900 

282  0 

661.0 

371.0 

2180 

107  0 

60.3 

150 

95.0 

200.0 

457.0 

708  0 

1660.0 

977  0 

5250 

218.0 

1040 

16.0 

1829 

<07.0 

10470 

1778.0 

3961.0 

2455.0 

1175.0 

436  0 

182  0 

170 

33S.0 

794  0 

2291  0 

4365.0 

91200 

5754  0 

2512.0 

832  0 

302  0 

ISO 

616.0 

1413.0 

4677.0 

93300 

20890  0 

12590  0 

47860 

1514  0 

501  0 

19.0 

770.0 

2180.0 

6860.0 

- 

- 

- 

- 

- 

- 

20.0 

- 

— 

- 

_ 

- 

~ 

- 

- 

- 

21  0 

1670.0 

50000 

21200  0 

- 

- 

- 

- 

- 

- 

5.4. 4. 2.  Galactic  Concentration  of  Star s  of  Various  Spectral  Classes.  Table  5-5 
shows  the  average  number  of  stars  per  100  square  degrees  near  the  galactic  equator 
and  in  regions  remote  from  it  for  the  six  principal  spectral  classes. 

An  approximation  to  the  number  of  stars  of  a  certain  spectral  class  and  magnitude 
range  can  be  obtained  by  applying  the  data  of  Table  5-3  to  Table  5-2,  since  Table  5-2 
gives  the  estimated  number  of  stars  brighter  than  a  given,  magnitude  for  each  magni¬ 
tude.  For  example,  by  interpolation  of  Table  5-2,  the  estimated  number  of  stars 
brighter  than  magnitudes  7  25  and  8.25  may  be  obtained.  By  subtraction,  the  number 
of  stars  in  the  magnitude  range  7.25  to  8.25  is  obtained.  The  percentage  of  stare  of 
the  six  principal  spectral  classes  for  this  range  of  magnitudet  ss  shown  in  Table  5-3, 
can  be  used  to  obtain  the  approximate  numbe:  of  stare  in  these  spectral  classes  for  this 
range  of  magnitudes. 


Tas».e  5-5.  Galactic  Concentration  or  Star; 
of  the  Principal  Spectral  Classes  in  IOC' 


Square  Degrees  Near 


Stellar 

Magnitude* 

Galactic 

Latitude* 

B 

A 

Above  7"  0 

40* -90* 

02 

66 

or 

10  8 

21.1 

7-0  to  8*  25 

«r-so* 

0  1 

6.6 

0* 

189 

75.8 

Galactic  Equator  122] 


F 

G 

K 

M 

Total 

30 

3.4 

102 

1  5 

249 

5  1 

0  1 

15  1 

3  9 

61.1 

9.5 

16  4 

328 

6.1 

71  5 

13.3 

20.9 

539 

136 

196  7 

Table  5-8  gives  more  detailed  information  of  the  distribution  of  stars  by  spectral 
class  and  magnitude.  There  are  differences  in  the  data  of  Table  5-5  and  5-6  because 
somewhat  different  areas  of  the  sky  were  considered  in  preparing  the  tables.  For 
example,  Table  5-5  considers  the  latitude  from  40°  to  9CT,  whereas  Table  5  6  considers 
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Table  5-S.  Galactic  Concentration  of  Stars 
of  Various  Spectral  Classes  [22] 


Spectrum 

Visual 

Magnitude 

B 

A 

Galactic  Latitude  0*  to  5* 

r  g 

K 

M 

<  6.0 

4.5 

6.0 

1.7 

2.1 

3.5 

1.3 

6  0  to  7.0 

C.3 

15 

34 

3.0 

12 

2.6 

7.0  to  *  25 

19 

76 

14 

21 

54 

14 

8.5  to  9  4 

46 

190 

85 

96 

200 

5" 

9.5  to  10.4 

o2 

610 

240 

310 

490 

150 

Photographic 

Magnitude 

9.6  to  10.5 

38 

510 

150 

220 

180 

If/ 

10.5  to  II  S 

87 

970 

430 

720 

460 

42 

51.5  to  12.6 

100 

1390 

1200 

1960 

340 

140 

Visual 

Magnitude 

Galactic  Latitude  60“  to  90* 

<6.0 

0.2 

2.6 

0.6 

1.0 

2.9 

0? 

5.0  to  7.0 

0 

3.9 

1.8 

2  4 

7.5 

0.7 

7  0  to  8.25 

0 

7.4 

9.2 

16 

32 

6.3 

8.5  to  9  4 

0 

8 

20 

83 

75 

0 

9  6  to  10.4 

0 

8 

20 

170 

210 

16 

P  holographs 
Magnitude 

9  5  to  10.5 

0 

9 

32 

120 

75 

9 

50  5  to  1 1.5 

0 

10 

27 

290 

160 

12 

11.5  to  12.5 

0.9 

14 

34 

680 

270 

26 

Note:  The  data  ere  taken  from  the  publication*  of  the  Harvard. 

McCormick,  and  Bergedorf  Observatories. 

Table  5-7. 

Index  of  Apparent  Galactic  Concentration  [22] 

Visual 

Magnitude 

B 

A 

F 

G 

K 

M 

<60 

22 

28 

23 

2  1 

12 

1.9 

6.0  to  7  0 

- 

4.0 

1.9 

12 

1.5 

3.7 

7.0  u,  8  25 

- 

10 

1.5 

1.3 

1  7 

22 

8  5  to  9  4 

- 

24 

4  2 

1.2 

2  7 

- 

9.5  to  10.4 

- 

76 

12 

1.8 

2.3 

0.9 

Photographic 

Magnitude 

9  5  to  10  5 

_ 

56 

4  8 

1.8 

2  4 

2  1 

10  5  to  11.5 

- 

97 

16 

2  5 

2  9 

3.5 

1 1  5  to  12  5 

- 

99 

35 

2.9 

3  5 

55 

Note  The  irregularities  he1-*  are  attributable  in  pan  to  inadequate  sampling 


the  latitude  from  60°  to  90°,  in  arriving  at  an  average  galactic  distribution.  The  most 
important  difference  is  that  Table  5-6  has  been  prepared  by  selecting  narrower  ranges 
of  stellar  magnitude 

Data  of  galactic  distribution  are  not  presented  for  stars  of  magnitudes  less  than  5 
because  the  total  number  of  these  stars  is  not  large  f  nough  to  make  the  concept  of  the 
number  of  stars  per  square  degree  meaningful. 

Table  5-7,  an  index  of  apj  irent  galactic  concentration,  has  been  prepared  from  Table 
5-6  by  taking  the  ratios  of  numbers  of  stara  in  low  latitudes  to  the  numbers  in  high 
latitudes.  For  a  given  spectral  class,  more  stars  are  concentrated  in  the  lower  galactic 
latitudes  as  the  index  number  becomes  higher. 

5.4.5.  Spectral  Distribution  of  Stellar  Radiation.*  Figure  5-21  shows  relative 
spectral  distribution  of  stellar  radiation  as  a  function  of  star  classes  and  surface  tem¬ 
perature.  The  family  of  curvea  in  Fig.  5-22  shows  absolute  spectial  distribution  of 

‘See  also  Sotes  Added  in  Proof,  page  171. 


TEMPERATURE,  ThomamJ*  of  Degree*  K 


CLASS  OF  STAR 


Fig.  5-22.  Absolute  spectral  distribution  of  stellar  radiation  122]. 


stellar  radiation.  In  this  figure,  the  absolute  magnitude  of  the  radiant  energy  falling 
below  a  specified  wavelength  is  plotted  as  a  function  of  the  surface  temperature  of 
the  stars  Further,  the  curves  have  been  normalized  so  hat  the  amount  of  energy 
in  the  visible  region  is  constant  for  all  the  stars  of  any  given  magnitude.  This  value 
is  represented  by  one  vertical  division  of  the  graphic  scale  on  Fig.  6-22. 
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5.4.6.  Determining  Spectral  Irradiance  of  Celestial  Bodies  123J.  The  following 
data  and  methods  permit  determining  with  reasonable  accuracy  the  spectral  irradiance 
values  of  the  brightest  stars  and  planets  in  the  infrared  region.  These  data  have  been 
calculated  from  published  measurements  of  visible  irradiance  and  effective  temperature, 
and  include  the  complete  spectral  region  from  0.1  to  100  p.. 

The  data  used  pertain  to  irradiar  ce  received  above  the  atmosphere.  Values  for 
absorption  by  the  atmosphere  in  the  various  spectral  regions  can  be  resdily  applied  to 
the  cl  values. 

Tab  [21)  shows  the  visible  magnitude  and  effective  temperature  ( T,.n  =  W/a ) 
valu'  he  brightest  celestial  txxlies  and  also  for  the  important  "red  stars.”  The 
list  c,  all  the  stars  in  Schlessinger’s  Catalogue  of  Bright  Stars  which  give  an 

irradiance  of  at  least  10  “  w  cm  *  in  either  the  PbS  region  (1-3  p.)  or  the  bolometer 
region  (0.3-13.5  ft).  Equation  (5-2)  is  plotted  in  Fig.  5-23. 

["  Jxonsrt  d\ 

V'  \T)  -  J-7Z -  (5-2) 

J  JriDrfX 

where  r\,(T)  is  the  fraction  of  total  radiation  emitted  by  a  blackbcdy  at  some  temper¬ 
ature  T,  visible  to  the  standard  observer 

JkCD  is  the  ordinate  of  the  Planck  blackbody  radiation  curve  at  wavelength  X 
and  temperature  T 

Sri  is  the  fractional  response  of  the  eye  at  the  same  wavelength. 


Table  5-8.  Visual  Magnitudes  and  Effective  Temperature 
of  Pl\nets  and  the  Brightest  Visual  and  Red  Stars  [21] 


Nam* 

Visual  Magnitude 

(  71,) 

Effective  Temperature 
T  CK) 

1. 

Moon  (full) 

(Planets) 

-12  2 

5,900 

2. 

Venus  (at  bright**!) 

-4.28 

5,900 

3 

Mars  (at  brighteat) 

-2.25 

5,990 

4 

Jupiter  (at  brightest) 

-2  25 

5.900 

5. 

Mercury  (at  brightest) 

-1.8 

5,900 

6 

Satum  (at  brightest) 

(Stars) 

-0.93 

5,900 

1 

Siriu* 

-1  60 

11.200 

2 

Canopus 

-0.82 

6,200 

3. 

Rigel  Kent  (double) 

0.01 

4,700 

4. 

Vega 

0.14 

11,200 

5 

Capella 

0.21 

4,700 

6. 

Arcterus 

0  24 

3,750 

7 

Rigel 

0.34 

13,000 

8. 

Procyon 

048 

5,450 

9. 

Achemar 

0.60 

15,000 

10. 

fi  Ontauri 

0.86 

23.000 

11. 

AlUir 

0.39 

7,600 

12. 

Betelguex  (variable) 

0.92 

2,810 

13. 

Aldebaran 

1.06 

3,130 

14. 

Pollux 

1.21 

3,750 

15. 

An  tares 

1.22 

2,900 

16. 

a  Cruris 

1.6! 

2,810 

17. 

Mira  (variable) 

1.70 

2,350 

18. 

fi  Gruis 

2.24 

2,810 

19. 

R  Hydrse  (variable) 

3.60 

2.250 
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Fic.  5-23.  Fraction  of  the 
total  radiation  emitted  by 
h  blacl.  rody  at  temperature 
T,  visible  to  the  standard 
observer  [21]. 


After  y)f{T)  is  found,  the  stellar  magnitude  rn,  of  the  body  may  be  used  to  obtain 
the  total  blackbody  spectral  irradiance.  as  follows: 


_  _  ,  iifti  ,.) 

m,  =2.5  logio  —  (5-3) 

/  o 

At  the  top  of  the  atmosphere,  zero  visible  magnitude  corresponds  to  a  visible  irradiance, 
/  o,  of  3.1  x  lCL13  w/cm!.  The  value  for  for  f  n>  qttoted  value  of  stellar  magnitude, 

may  then  be  obtained  by  the  solution  of  Eq.  (5-3).  This  function  is  plotted  in  Fig.  5-24. 


IRRADIANCE  cm'2) 


Fig.  5-24.  Effective  irradiance  in  the  visible-region  (standard  observer) 
ixrsug  visual  magnitude  [21]. 
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PEAK  SPECTRAL  IRKADLANCE,  H.  (w  cm'2  p*!) 


F.’C  5-25.  Feak  spectral  irradianc°  from  values  of  visual  magnitude 
and  effective  temperature  or  spectral  class  [21]. 


The  irradiance  received  over  the  total  wavelength  spectrum  at  the  top  of  the  atmos¬ 
phere  is  therefore  the  quantity 

/(mr) 
tj  AT) 

and  once  the  vMue  of  peak  spectral  irradiance  is  determined,  the  shape  of  the  spectr  d 
irradiance  curve  follows  the  Planck  radiation  function. 

The  peak  irradiance  is 


where  IF*  maj  is  the  maximum  value  of  the  Planck  function,  and  equals  1.290  x  10  ,s7^ 
w  cm  8  m1.  Eq.  (5-4)  then  becomes 


Equation  (5-5)  evaluated  and  plotted  as  a  function  of  T  for  various  values  of  magnitude 
mr  is  shown  in  Fig.  5-25.  This  greph  can  he  usei  to  find  the  peak  spectral  radiance, 
Hk  for  any  values  of  T  and  mr .  Using  Fig.  c-25  and  W.en’s  law,  the  spectral  ir- 
rarliance  curves  for  any  star  or  planet  may  be  .  bb lined.  (In  determining  the  spectral 
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irradianee  of  the  pitmets,  an  effective  temperature  of  5900"  K.  was  assumed.)  The 
shape  of  all  these  irradianee  cuves  are  identical;  they  are  blackbody  curves  normalized 
to  their  peak  value. 

5.5  The  Earth  as  a  Background’ 

5.5.1.  Geometric  Relationships.  Figures  5-26,  5-27,  and  5-28  present  some  impor¬ 
tant  relationships  bearing  on  satellite  viewing  of  the  earth. 


ORBITAL,  H'lCHT  HQ  (n  mi) 

Fig.  5-?C.  *tanges  end  view  angles  [31. 


ALTITirDE.  y  (degrees) 


ZENITH  ANGLE,  6  (degrees) 

Flo.  5-27.  View  angles  ror  200  n  m;  orbit  131. 

‘See  tlso  Notes  Adtled  in  Proof,  page  171. 
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Fig.  6-28.  Satellite  coordinate  converaion  (3). 
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5.5.2.  Path  Lengths.  Refer  to  Fig.  5-29.  The  length  of  a  line  between  any  two 
points  at  different  altitudes  is  found  according  to  the  following  general  equations: 

[Rg  +  C)*  =  (/?  £+  A)'1  4-  L2  +  2  L(Rg  4-  A)  cos  5  =  (/?«  +  .A)*  +  L*  +  2  L(Rg  -f  A)  sin  y 

L*  =  (Rg+C)i-(Rg+A)*-2L(R  fi+  A)  sin  y 


L  =  \  (Rg  +  C)1  —  (Rg+AVcoa*  y—  (Rg  +  A)  siny  (5- 

where  R  E  =  radius  of  sphere 

A  =  altitude  of  the  background  point 
C  =  altitude  of  the  observe’- 

y  =  elevation  angie  of  the  background  point  position  (from  local  horizontal) 
a  -  elevation  angle  from  nadir  at  observer’s  point 
The  angle  a  is  computed  by  the  following  relationship: 

.  (R.  +C)*  +  L*-(Rk+A)* 


2  (Rg+C)L 
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Observer 


Fig.  5  29.  Path  length  diagram 


figure  5-30  illustrates  the  scattering  angle  /S,  the  sun’s  elevation  angle  y,  the  satellite 
scanner’s  elevation  angle  a,  and  the  scanner’s  azimuth  angle  d>  from  the  direction  of 
the  sun. 

The  scattering  angle  is: 

/3  =  cos"'  (cos  y  sin  a  cos  tf>  —  sin  y  cos  a)  (5-8) 

Figure  5-31  illustrates  these  angles  for  a  spherical  earth.  Equation  (5-8)  becomes 
/3  -  cos-1  [cos  (90°  -  (f  —  A)]  sin  a  cos  -  sin  [90°  —  (f  —  A))  (5-9) 


Fio  5-30.  Scattering-angle  geometry  131.  Fir.  5-31.  Solar  scattering  angle  131. 
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Sun's  Position  ton's  Altitude  a'  Noon 

Eou'nox  (90°  -  Lat.' 

Summer  folstice  (90°  -  Lat.)  +  23*1/2° 

Winter  Sr  Istice  (90°  -  Utt.)  -  23  1/2° 


where  £  is  the  elevation  angle  (latitude)  of  the  observed  point  from  the  earth’s  equatorial 
plane,  and  A  is  the  latitude  of  the  sun’s  prime  ray.  Figure  5-32  shown  the  range  of 
the  sun’s  declination  angle,  (Both  £  and  A  are  taken  positive  for  a  North  latitude.) 

5.6.  Cloud  Meteorology 

Clouds  are  classified  into  ten  main  groups  called  gonera.  These  are  cirrus,  cino- 
cumulus,  cirrostratus,  altocumulus,  altostratus.  nimbostratus,  stratocumulus,  stratus, 
cumulus,  and  cumulonimbus. 

The  part  of  the  atmosphere  in  which  clouds  are  usually  present  is  divided  into  three 
regions.  Each  region  is  defined  by  the  range  of  levels  at  which  clouds  of  certain  genera 
occur  most  frequently. 

(а)  High-level  clouds -cirrus,  cirrocumulus,  and  cirroetrstus 

(б)  Middle-level  clouds -altocumulus 

(c)  Low-level  clouds -stratocumulus  and  stratus 

The  regions  overlap,  and  their  limits  vary  with  latitude.  Their  approximate  ranges 
are  shown  in  Table  o-9  Figures  5-33  to  5-38  show  the  mean  cloudiness  in  percentage 
of  sky  cover  throughout  the  world  for  various  months  of  the  year. 


Cloud 

Level 


High 

Middle 


Table  5-9.  Dionition  or  Cioud  Stats  Altitudes  [3] 


Polar  Region* 
3-8  km 

(10,000-25,000  ft) 
2-4  km 

(6500-13,000  ft) 

Earth’s  surface 
to  2  km 
(6500  ft) 


Temperate  Region * 
5-13  km 

(16,50045,000  ft) 
2-7  km 

(6500-23,000  ft) 

Earth’s  surface 
to  2  km 
(6500ft) 


Tropical  Region* 
6-13  km 

(20,000-60,000  ft) 
2-8  km 

(6500-25,000  ft) 

Earth’s  surface 
to  2  km 
(6500  ft) 


Low 
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Fig.  5-33.  Mean  c’cudiness  in  percentage  of  sky  cover,  month  of  January  [251. 
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Fio  5-34.  Mean  cloudiness  in  percentage  of  sky  cover,  month  of  March  [25]. 
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5.6.1.  Cirrus  Clouds.  The  tropopause  represents  the  upper  limit  of  the  cloud 
atmosphere.  The  highest  clouds  appearing  within  the  troposphere  are  composed  cf 
large  ice  crystals  of  about  100  pt.  Frequently  these  particles  become  oriented  in  the 
same  direction,  giving  rise  to  unusual  visihl',  and  possibly  infrared,  effects  such  as 
haloes  end  arts. 

Tropopause  and  cloud  top  statistics  are  not  available  for  the  central  Eurasian  land 
mass.  Cirrus  height  observations  have  not  been  it  ported  anywhere  north  of  55°  lati¬ 
tude.  Inferences  can  be  made  about  the  annual  tropopause  distribution  over  Eurasia, 
and  from  this  a  cirrus  top  height  model  constructed.  The  correlation  between  the 
two  parameters  is  based  on  American  statistics.  Between  50°  and  70°N  it  is  expect¬ 
ed  that  90%  of  the  annual  clouds  will  be  belo.v  32,000  ft,  and  99%  will  be  below  2d. 900 
ft. 

Figure  5-39  shows  cloud  top  and  tropopause  heights  based  on  a  colktion  of  cirrus 
and  tropopause  data  averaged  on  a  yearly  basis  for  the  entire  United  States.  Figures 
5-40  and  5-41  represent  the  distribution  of  tropopause  and  cloud  heights  between  50° 
and  90°  N  latitude. 

Based  on  deductions  from  Asian  climatology,  a  crude  time-frequency  occurrence 
chart  baa  been  estimated  and  is  shown  in  Fig.  5-42.  Averaging  the  entire  year  be¬ 
tween  50°  and  70CN,  cirrus  clouds  are  expected  36%  of  the  time.  This  means  that 
cirrus  will  be  encountered  1%  of  the  time  above  34,000  ft,  and  10%  of  the  time  above 
30,000  ft. 


Fig.  5-39.  Distribution  of  cloud  top  and  tropopause  heights. 
United  States  average  [3], 
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Fig.  5-40,  Distribution  of  tro- 
popause  and  cloud  tops,  50°  to 
7C °N  latitude,  Eurasian  average 
[31. 


Fia.  5-41.  Distribution  of  tro- 
popause  and  cloud  tope,  65"  to 
90*  N  latitude,  Eurasian  average 
[31. 
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i  w.  :~12.  Eutim'ited  annual  temporal  frequency  of 
curiform  cleuda.  L\>tted  portion  delineates  area  where 
20  or  more  thundt  ratorms  per  year  are  reported. 
Oner  all  average  =  35' l  {31. 


5.6.2.  Si-*to*pheric  Clouds  [31.  Two  types  of  c’mcs  appear  in  the  upper  strato¬ 
sphere:  nacreous  clouds  at  an  average  height  of  24  km,  and  noctilucent  clouds  at  a 
h«i*  ht  of  abcut  82  km. 

N  icreous  clouds  appear  rarely  and  then  mainly  in  high  latitudes  characterized  by 
mountainous  terra’ n.  They  are  generally  observed  in  tne  direction  of  the  sun  during 
sunset  or  sunrise  and  are  inideecent.  Characteristic  synoptic  conditions  that  exist 
with  there  clouds  are  strong  and  consistent  northwest  winds  erteading  to  great  heights 
with  below  average  stratospheric  temperatures.  Theoretical  considerations  of  water- 
droplet  and  ice-crystal  growth  in  nacreovs  clouds  suggest  that  the  radii  are  less  than 
1.2  n,  with  a  very  narrow  size  spectrum  of  about  0.1  fi.  The  particle  concentration 
should  be  essentially  that  of  the  available  condensation  nuclei,  about  1  'em*.  The 
liquid  -v-  ver  content  would  be  therefore  between  10_1*  U:  10~n  g/cm*.  Such  li  ,v»J 
water  cor  tent  is  lower  by  about  a  factor  of  104  than  those  observed  in  the  tropouph  .  ric 
clouds. 

Noctilucent  clouds  are  visible  against  the  nighttime  sky  when  the  upper  levels  of 
the  atmosphere  are  still  illuminated  by  sunlight.  These  clouds  have  generally  been 
reported  only  in  the  Northern  Hemisphere  during  siunmer  (August  through  October) 
within  a  restricted  zone  of  latitudes  extending  from  about  45°  to  63^. 

Sunlight  scattered  from  noctilucent  clouds  exhibits  a  spectrum  and  a  degree  A' 
polarization  which  can  be  attributed  to  the  scattering  of  sunlight  by  dielectric  par¬ 
ticles  with  predominant  ladii  of  around  0.1  and  not  graatei  than  0.2  to  0.4  fi.  The 
observed  brightness  of  the  clouds  suggests  tliat  the  corresponding  concentrations  and 
matter  content  should  be  between  1  and  10  *  particles/cm*  and  between  10~‘r  end 
10  l#  g/c ra* ,  respectively.  Such  :,k.nd-parCde  co.*ici9jirauio"5  re  h vv  orders 

ol  magnitude  less  than  those  ;  iven  ibr  nacreous  clouds. 

i.fi.3.  Probability  of  Coverage  »*  Ymrie.us  Altitudes.  Figured  £-43  through  5-58 
8  5v  cherts  si*' wing,  for  the  Northern  rvirisphere,  , altitudes  shove  which  the  proba- 
luii’es  of  Itjjr  tlian  0.1  sky  coverage  *».-«  ii«,  90,  80,  and  60  percent.  Charts  ar3  pre- 
bsmed  for  the  nudseason  months  nuary  ,  Awr.T,  July,  and  October.  The  criUsrion  of 
’°*e  than  0  1  sky  cover  (actui  lly  less  than  0.05  sky  cover)  can  be  taken  as  essentially  no 
in'  Terence  by  clouds  foi  rir-to-air  operation. 


I 


Fig.  5-44  Altitudes  < thousands  of  feet  MtlL)  above  '*h:ch  there  is  90%  probability 
of  having  less  than  0.1  sky  cover,  mwah  of  Januar11  128]. 


Fkj.  6-45.  Ait  tudes  (thousand  of  feet  MSL)  above  which  there  ’«  80%  prr'bability 
of  having  lew  than  0.1  sky  cover,  month  of  January  [2fi]. 


Fig.  5-46.  Altitudes  (thousands  of  feet  M8L/  rbove  which  there  is  60%  probability  of  having 
less  than  C.1  sky  '■over,  month  of  January  (26). 
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Altitude*  (thousand*  t '  feet  MSL)  above  which  there  i»  95%  probability  of  bavin* 


Fic  6-48.  Altitude*  (thousand*  of  feet  MSL)  above  wnich  there  is  90%  probability  of  having 
lesa  than  0.1  sky  cover,  month  of  April  [26]. 
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Fig.  5-60.  Altitudes  (thousands  of  feet  MSU  above  which  there  is  60%  probability  of  having 
l^ss  than  0.1  sky  cover,  month  of  April  (261. 
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Fio.  6-51.  Altitudes  (thousand*  of  feet  MSL)  above  which  there  i*  95%  probability  of  having 
less  than  0.1  sky  cover,  month  of  July  [26] 


Fig.  0-52.  Altitude*  (thousands  of  feet  MSI,)  above  which  the  v  i.»  90%  probability  of  having 
ie*s  than  0.1  sky  cover,  month  of  July  [26], 
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Fio.  5-64  Aliituii  a  ithoutanda  of  feef  MSL)  above  which  there  ia  60%  prooability  of  having 
leaf.  O.an  0.1  sky  co'  er,  month  of  July  [2o]. 
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Fio.  6-65.  Altitude*  (thousand*  of  feet  ?dSL)  above  which  there  ia  96%  probability  of  having 
lea*  than  G.l  aky  cover,  month  of  October  1 26]. 


I 


138 


BACKGROUNDS 


Fig  5-56.  Altitudes  (thousands  of  feet  MSL)  above  which  there  is  90%  probability  of  having 
less  than  0  1  sky  cover,  month  of  October  [26]. 
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Fig  6-67.  Altitude*  (thousands  of  feet  MSL)  above  which  there  is  90%  probability  of  having 
less  than  0.1  shy  cover,  month  of  October  [26]. 
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pig.  5-68.  Altitude*  (thousands  of  feet  MSL)  above  which  th'sre  is  60%  probability  of  having 
lees  than  0.1  sky  cover,  month  of  October  [26]. 


STRATOSPHERIC  AEROSOLS 


141 


’>.7.  Stratospheric  Aerosols  [3,  <33-68] 

A  uniform  distribution  of  the  stratospheric  aerosol  content  tends  to  decrease  infrare" 
gradients.  Apparently  the  stratosphere  will  contribute  to  background  none  because 
of  the  tendency  of  particles  to  form  clouds  which  become  arranged  in  periodic  struc¬ 
tures.  Intensities  will  be  high  at  small  scattering  angles,  and  atmospheric  attenua¬ 
tion  is  negligible  at  these  high  altitudes.  Table  5-10  presents  a  summary  of  informa¬ 
tion  on  the  particle  content  of  the  stratosphere. 


Table  5-10. 

Particle  Content  of  the  Stratosphere  [3] 

Altitude 

(km) 

Concentrations 
(no.  per  cm3) 

Radii 

<M) 

Remarks 

Typical  Band 
S pacings 
(km) 

10-30 

10  1  to  1 

>0.08 

or 

-0.10 

Stable  dust  layer, 

17  to  22  km 
—  sulfur 

10-30 

10  *  to  10  1 

-0.15 

Stable  dust  layer, 

17  to  22  km 
—sulfur 

" 

10-30 

-<103 

-0.8 

(horizontal 

orientation) 

Temporary  layers  of 
volcanic  pumice 

1 

17-31 

-  <1 

-1.5 

Nacreous  clouds 
consisting  of 
ice  crystals 

40 

30-80 

1 

-0.1 

(assumed' 

Theoretical  by 
measurements  of 
conductivity 

74-92 

10  * 

-0.1 

Noc.i lucent  cloud 
(dust  layer  or 
ice  crystal) 

10  and  CO 

80 

10  4  to  10  1 

0.1 

(assumed) 

Theoretical  inter¬ 
planetary  dust 

— 

sources,  10  33  to 
10  ,c  g/tr  i3 


Stratospheric  particulate  matter  may  be  divided  into  two  classes:  dust  particles 
and  condensed  water. 

Catastrophic  volcanic  eruptions  and  forest  fires  have  deposited  vast  quantities  of 
dust  in  the  upper  atmosphere;  these  can  indirectly  inciease  the  upward  intensity  of 
reflected  sunlight  by  acting  as  nucleating  agents  for  ice.  * 7  lal  concentrations  of 
clouds  might  result. 

The  earth  is  surrounded  by  belts  of  dust,  smoke,  and  ice  pai  :les.  Encounters  with 
the  dust  by  the  earth’s  gravitational  field  causes  an  accretion  of  10  to  50  lb  of  matter 
per  square  mile  per  year,  based  on  an  estimate  of  24,000,000  visible  meteors  per  dav  [25]. 
Some  of  this  dust  is  concentrated  into  two  extreme  cuter  shells:  the  lighter  smoke 
between  altitudes  of  2000  to  4000  mi,  and  dust  from  600  to  1000  mi 

In  general,  the  total  particle  concentrations  just  above  the  tropopaure  are  between 
10  and  100/cm3,  but  decrease  to  1/cm3  or  less  above  about  20  kin. 
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The  manner  in  which  a  particle  scatters  light  depends  on  the  ratio  of  its  radius  to 
the  wavelength  of  light.  For  ratios  up  to  about  0.98,  Rayleigh’s  laws  hold:  between 
0.08  ana  3  the  Mie  theory  is  used;  and  at  larger  values,  the  laws  of  geometrical  optics 
are  satisfactory.  Figure  5-59  gives  examples  of  particle  sizes.  Figure  5-60  shows 
the  concentration  of  different  particle  sizeo  at  various  altitudes. 


10,000  — p 


Heavy  Industrial  Dust 

Smallest  Easily  Visible  Dirt 
Paint  Pigments 
Bacteria.  [>oilen 

Tobacco  Smoke 
Fine  Carbon  Black 

Gas  Molecules 


Fic..  5-59.  Examples  of  particle  sizes  13], 


Fig.  5-60.  Vertical  profiles  of  particle  concentrations. 
Curve  A  =  radii  greater  than  0.08  m;  curve  B  =  radii 
greater  than  0  1-0  3  n\  curve  C  =  Ai'.ken  nuclei  (0.01- 
to  0  !  ft.  radii)  i3|. 


5.8.  Spectral  Radiance  of  Terrain 

The  apparent,  e'ecira!  radiances  discussed  in  this  section  include  thermal  emission 
and  radiation  reflected  by  the  ground,  as  well  as  scattered  and  emitted  radiation  con¬ 
tributed  by  the  a  mosphere  in  the  line  of  sight. 

5.8.1.  Terrain  Temperature.  Soil  or  other  terrestrial  surfaces  have  a  mean  tem¬ 
perature  value  of  approximately  300°K,  and  peak  radiance  is  near  10  /x.  The  earth’s 
sui  ?  temperature  depends  upon  the  incident  solar  radiation  and  Lhe  radiative 
bou.iuary  conditions  as  well  as  conductive  and  convective  processes.  The  latter  proc¬ 
esses  depend  on  the  physical  and  chemical  characteristics  of  particular  components 
of  the  terrain  and  the  local  weather  conditions. 

5.8.2.  Terrain  Emissivity  and  Reflectivity.*  The  amount  of  radiation  that  is  ab¬ 
sorbed,  reflected,  or  scattered  varies  with  wavelength  and  with  the  nature  of  the  terrain. 

The  reflectance  values  for  natural  objects,  at  wavelength*  shorter  than  3  fi,  range 
from  0.03  for  bare  ground  or  ocean  to  0.95  for  fresh  snow  [1,11,24,27,28,29).  In  the  long- 
wavelength  region  reflectance  values  range  from  practically  zero  to  0.72  [30-3°). 

‘See  also  Notes  Added  in  Prwf,  page  171. 
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5.8.3.  Spectra  in  the  Emission  Region.  Figure  5-61  shows  the  coi  irative 
spectral  radiances  of  a  patch  of  ground  it  an  airfield  (Colorado)  observed  on  a  clear 
night,  and  during  the  following  morning  with  the  sun  shining  on  it. 

Figure  5-62  shows  the  radiance  of  the  night  sky  just  above  the  horizon  and  that  of 
the  ground  at  the  same  angle  below  the  horizon. 


Fig.  5-61.  Day  and  .  igh'  radiances 
of  grass-covered  fteld  'Peterson  Field, 
Colorado)  [33]. 


Fig.  5-62.  Comparative  spectra  of  the 
ground  and  sky  near  the  horir.  -n  (Peterson 
Field,  Colorado)  [33], 


Fic.  5-63.  Radiance  cf  an  urban  area  and 
of  clear  zenith  oky  (Colorado  Springs  from 
Pikes  Peak)  [331. 


The  spectra  of  distant  terrain  do  not  always  conform  to  th  i  btackbody  characteris¬ 
tics  observed  in  the  radiance  of  nearby  terrain.  This  can  be  in  Fi<  5-63,  where 
the  upper  curve  represents  the  radiance  of  a  city  (Colorado  Springs)  on  a  plain  as 
viewed  from  the  summit,  of  a  mountain  (Pikes  Peak)  at  a  di  stare*  of  about  15  mi.  The 
situation  illustrated  in  Fig.  5-63  is,  in  a  sense,  the  reverse  of  that  shown  in  Fig  5-7 
where  a  cooler  cloud  was  seen  from  a  lower  and  warmer  environment. 
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Figure  5-64  shows  the  diurnal  variation  in  the  10-/x  radiance  of  selected  backgrounds 
on  the  plains,  measured  from  the  summit  of  a  mountain  (Pikes  Peak).  The  line-of- 
sight  distances  are:  forest,  GO  mi;  grassy  plains,  21  mi;  airfield,  19  mi;  mty,  15  mi. 

Figure  5-65  shows  the  spectral  radiance  of  dry  sand  (Cocoa  Beach,  Florida)  The 
9-/i  dips  in  the  reflectance  of  the  sand  for  curves  A  and  C  correspond  with  a  wave¬ 
length  of  relative  poor  emiasivity.  The  reason  is  that  the  crystals  of  common  silica 
send  exhibit  reatstrahlen  at  9  /i.  With  overcast  sky  (curve  B),  the  added  sky  radiance 
reflected  at  this  wavelength  just  compensates  for  the  loss  of  emissivity. 

The  effect  of  moisture  on  the  radiance  of  sand  is  seen  in  Fig.  5-66. 


TIME 

Fic.  5-64.  Diurnal  variation  in  the  10- /i.  radiance  of  selected  backgrounds 
[33].  SS  =  sunset;  SR  —  aunriae;  ENT  =  end  of  nautical  twilight;  BNT  =  be¬ 
ginning  of  -  '  \1  twilight. 


Fig.  5-65.  Spectral  radiance  of  dry  aand 
(Cocoa  Beach,  Florida)  [33].  ,4  =  aunht 
Mnd,  B  —  aand  under  a  cloudy  night  aky,  C  - 
aand  on  a  clear  night. 


Fic.  5-66.  Spocriral  radiance  of  moist  aand, 
(Cocoa  Beach,  Florida);  A  =  dry  aand,  B  - 
extremely  wet  sand,  C  *  moist  8E.,d  [33). 
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5.8.4.  Spectra  in  the  Scattering  Region.  The  daytime  spectra  of  objects  ai  ambient 
temperatures  show  minima  around  3  to  4  ft.  In  the  more  transparent  regions  of  the 
spectrum  between  3  and  C  x,  in  the  daytime,  the  sky  a  few  decrees  above  the  horizon 
radiates  less  than  the  ground  a  few  degrees  below.  In  the  scattering  region  cf  the 
spectrum,  the  sky  and  the  ground  often  show  radiances  of  comparable  magnitude. 
Usually  the  ground  radiance  is  somewhat  higher  than  that  of  the  sky .  and  is  frequently 
a  minimum  near  the  horizon. 

Figures  5-67  and  5-68  are  elevation  scans  of  the  spectral  radiance  near  the  hori  «on 
at  different  wavelengths. 

The  scan  covers  alternating  patches  cf  shaded  and  sunlit  ground,  trees,  mountains 
(northern  slope  of  Pikes  Peak,  Colorado),  and  the  clear  sky  up  to  approximately  15° 
or  20°  near  the  horizon. 


Clear  Afternoon 
Azimuth  165° 


Fig.  5-68.  Elevation  scans  across  terrain 
at  the  same  time  aa  in  Fig.  5-67  at  fixed 
wavelengths  in  the  intervals  3.5  to  5.2  fi 
[331. 


Fio.  5-67.  Elevation  scans  across  mountainous 
terrain  at  fixed  wavelengths  in  the  interval  1.8  to 
3.2  m  [33]. 
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5.8.5.  Spectral  Radiance  of  Various  Objects  and  Surfaces  131,34,351.  Figures 
5-69  through  5-88  are  measurements  of  the  infrared  spectral  radia  nce  from  various  ob¬ 
jects  and  surfaces.  These  measurements  were  made  under  different  temperatures, 
humidity,  aky  conditions,  etc.  In  the  figures,  aH  and  an  are  the  anfrular  fields  of  view  in 
the  horizontal  and  vertical  directions  in  object  space. 
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Fic.  iS-72.  Spectral  radiance  cf  concrete  wall  during  an  afternoon 
[341  Reference  temperatures  ^  chopper  temperatures. 
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Fio.  5-78.  Spectral  radiance  of  concrete  through  falling  snow  134). 
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He.  5-83.  Spectral  radiance  of  grasa,  summei  overcast  (34). 
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5  9.  Marine  Backgrounds 

The  radiance  of  the  sea  surface  at  night  is  the  sum  of  its  thermal  emission  sod  re¬ 
flected  sky  radiance.  Factors  that  determine  the  character  of  the  marina  background 
are- 

1.  The  infrared  optical  properties  of  sea  water. 

2.  Sea-surface  geometry  and  wave-slope  distribution, 

3.  Sea-surface  temperature  distribution. 

Atmospheric  transmission  and  emission  in  the  optical  path  from  scene  to  observing 
instrument  is  cov  ered  in  Chapter  6. 

5.9.1  Infrared  Optical  Properties  of  Sea  Water.  Wuter  is  essentially  opaque 
to  infrared  radiation  longer  than  3  p..  Few  liquids  have  absorption  coefficients  of 
the  same  order  of  magnitude.  Consequently,  the  sea  surface,  which  is  0.01  cm  thick, 
determines  the  radiance  ot  tne  sea.  Subsurface  scattering  of  sky  radiation  is  absent. 
The  optica!  influence  of  thin  layers  of  surface  contamination  is  negligible  except  for 
the  suppi'gsion  of  capillary  waves  by  surface  tension  changes— causing  "slicks.” 
There  is  no  significant,  difference  in  the  transmissivity  of  sea  and  distilled  water  for 
these  thin  layers  in  the  2-  to  1 5-/x  region. 

The  infrared  transmit sivity,  reflectivity,  emiss  vity  and  indices  of  refraction  for 
water  are  shown  in  Figs.  5-89  to  5-92  [36,37]. 


Fig.  5-89.  Transmissivity  of  0.003  cm  of  sea  water  and  reflectivity  of  a  free  sea-water  surface 
(dashed  line)  [361. 
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Fig.  5-90.  Indices  of  refraction  of  water  calculated  from  reflectivity 
data  in  Fig.  5-89. 


Fig.  5-91.  Reflection  from  a  water  surface  at  0°,  60°,  and  80°  angle 
of  incidence  calculated  from  data  in  Fig.  5-90. 


Fig  5-92.  Reflectivity  and  emisaivity  of  watr/  (2-  to  15-^  average'  versus  angle 
of  incidence,  calculated  from  averaged  data  of  Fig.  5-90;  aee  137).  Note  scale 
change 
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5.9.2.  Sea-Surface  Geometry.  The  effect  of  wave  slope  on  the  reflectivity  of  a  sea 
surface  roughened  by  a  Beaufort  4  wind  !  1 1  to  16  knots,  white  cape)  is  seen  in  Fig.  5-93. 
Here,  for  an  average  rough  sea,  the  reflectivity  approaches  20%  near  the  horizon 
Consequently,  the  emissivity  remains  at  80%  or  higher. 

The  radiance  of  the  sea  surface  along  an  azimuth  90°  from  that  of  the  sun,  in  day¬ 
light  for  clear  and  for  overcast  conditions,  ir  shown  in  Fig.  5-94. 

Information  is  lacking  on  similar  observations  for  the  radiance  of  the  sea  surface 
at  night.  However,  the  variation  of  sky  radiance  with  zenith  angle  is  similar  day 
and  night,  and  the  photographic  reflectivity  is  about  equal  to  the  average  for  the  in¬ 
frared  from  2  to  15  n  (Fig.  5-f  2).  Consequently,  the  curves  in  Fig.  5-94  are  instructive 
because  they  show  the  general  shape  of  that  part  of  the  radiance  of  the  Bea  surface 
at  night  due  to  the  reflection  of  sky  radiation.  To  these  curves  must  be  added  the 
infrared  radiance  of  the  sea  surface  due  to  its  temperature. 


F'o.  5-93.  Reflection  of  solar  radiation  from  a 
fla.  surface  lo-  =  0)  and  a  surface  roughened  by  a 
Beaufort  4  wind  (<r  -  0.2).  The  albedo  R  varies 
from  0.02  for  a  zenith  sun,  0°)  to  unity  for 
the  sun  at  the  horizon  (4i  =  90°)  on  a  flat  sea  a; 
surface  For  a  rough  surface,  shadowing  and  jj 
multiple  reflections  become  important  factors 
when  the  sun  is  low.  The  lower  and  upper 
branches  of  the  curve  marked  a  =  0.2  represent 
two  assumptions  regarding  the  effect  of  multiple 
reflection.  True  values  are  expected  to  lie 
between  the  indicated  limits  (381. 


* 


Fig.  5-94.  The  radiance  of  the  aea  surface 
N(m>,  divided  by  the  Bky  radiance  at  the 
zenith,  N,(05,  as  a  function  of  the  vertical 
angle  n.  The  curves  are  computed  for  a  fiat 
(a-  =  0)  end  rough  (a  =  0.2)  suiface  for  tv/o 
of  the  skv  conditions  illustrated  in  Fig.  5-93 
1381. 
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Examples  of  the  spectral  radiance  of  the  sea  for  day  and  after  Eundown  are  shown 
in  Figs.  5-95,  5-96,  and  5-97  HI. 

For  further  data  on  sea-su/face  geometry  see  |40|. 


WAVELENGTH  (p) 


Fig.  5-95.  Spectral  radiance  of  the  Banana 
River  at  Cocoa  Beach,  Florida  133]. 


Fie.  5-96  Spectral  radiance  of  the 
ocean  133; 


Fig.  5-9i  .  Spectral  radiance  of  the  ocean 
versus  elevation  angle  [331. 


5.9,3.  Sea-Sur?*ee  Temperature  Distribution.  The  temperature  of  the  sea  sur¬ 
face  determines  the  contribution  of  emission  to  its  total  radiance.  In  arctic  regions 
this  temperature  is  near  0°C;  near  the  equator  it  nses  to  29° C.  Currents  such  a3  the 
warm  water  of  the  Gulf  Stream  produce  anomalies  of  several  degrees  centrigrade  as 
it  flows  into  colder  areas.  However,  in  most  infrared  scenes  of  marine  interest,  it  is 
the  radiance  variation  from  point  to  point  that  determines  the  background  against 
which  a  target  is  seen.  Recent  improvements  in  "thermal  mappers”  have  shown  details 
of  thie  variation  which  is  usually  caused  by  temperature  differences  over  the  sea  sur¬ 
face,  but  under  some  conditions  reflected  sky  radiance  predominates. 

The  temperature  of  the  upper  0.1  mm  of  the  sea  surfac*-  under  evaporative  conditions 
has  been  measured  as  0.6°C  colder  than  water  a  few  centimeters  below  |39)  The 
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Fig.  5-98.  Thermal  structure  of  the  sea  boundary  layer.  Previous  conditions:  12  hr 
cool  (12°  to  15°Ci,  no  rain.  Data  taken  during  passage  of  warm  front. 


sharpest  gradient  is  in  the  upper  1  mm  [40].  Measurements  typical  for  the  condi¬ 
tions  noted  are  shown  in  Fig.  5-98, 

The  temperature  of  this  layer  with  low  heat  capacity  is  determined  by  the  rate  of 
evaporation,  by  radiation  exchange,  and  by  the  flow  of  heat  from  the  air  and  frern 
below.  It  has  been  found  experimentally  that  the  presence  of  surface  contaminations 
reduces  (slightly)  the  flow  of  heat  from  below  so  that  a  "slick”  (a  region  in  the  sea  with 
enough  surface  contamination  to  alter  surface  tension)  appears  colder  than  adjacent 
areas  outside  the  slick. 

Finally,  the  flow  of  heat  from  below  is  also  influenced  by  the  convective  activity  of 
the  water  layer  above  the  thermocline. 

5.9.4.  Sky  Radiance.  For  examples  of  sky  radiance  at  night  under  clear,  overcast, 
and  other  conditions  refer  to  Sec.  5.2. 


NOTES  ADDED  IN  PROOF 

5.1.  Sky  Baekg  rounds.  There  is  a  moderate  amount  of  literature  on  the  spatia' 
and  temporal  fluctuations  of  the  sky  background  [41-47], 

5.2.1.  Auroral  Spectra.  It  is  difficult  to  investigate  the  aurora  and  airglow  beyond 
2.0  n  because  of  absorption  and  thermal  emission  processes  in  the  atmosphere.  Ref¬ 
erence  [48]  gives  some  predicted  values  for  the  2.0-p  to  3.5-p  region.  General  reviews 
and  one  case  of  an  application  are  covered  in  [49]  through  [52], 
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5.4.5.  Spectr&l  Distribution  of  Stellar  Radiation.  A  useful  source  is  153 j,  which 
includes  reference  [21  j  as  m  appendix.  Additional  work  on  infrared  stellar  sources  has 
teen  don"  at  Ohio  State  [54,55s.  Reference  [56]  is  a  helpful  catalog.  Reference  1 57! 
updates  the  parameters  used  in  converting  from  visual  magnitudes  to  infrared  spectra! 
irradiance.  Reference  [58)  is  ati  example  of  an  application.  Other  recent  work  is 
that  of  Low  and  Johnson  [59]  in  the  10-^i  to  20-/.-  region  and  of  Leighton  [60 ].  Reference 
[bl  |  gives  a  5-co!or  statement  of  the  magnitudes  of  1300  bright  stars. 

One  must  at  present  use  the  visual  magnitudes  of  bright  stars  to  compute  their 
infrared  irradiance  simply  because  the  enormous  job  of  cataloging  the  infrared  emission 
from  all  the  stars  has  hardly  begun.  The  present  approach  will  not  adequately  predict 
the  irradiance  from  massive  cool  stars  whose  infrared  magnitude  miph*  far  exceed  their 
visual  magnitude  [60]. 

5.5.  The  Earth  as  a  Background.  A  comprehensive  review  of  the  unclassified 
literature  on  earth-background  measurements  taken  from  aircraft,  satellites,  rockets, 
and  balloons  is  contained  in  [62], 

5.8.2.  Terrain  Emissivity  and  Reflectivity.  A  complete  catalog  of  spectral  re¬ 
flectance  data  of  terrain  from  all  available  sources,  reduced  to  a  standard  format  of 
presentation,  is  now  available  [351.  The  report,  itself  is  very  bulky  and  has  hau  limited 
circulation.  However  the  data  is  on  Lie  «t  the  Target  Signatures  Analysis  Center, 
Willow  Run  t^aDoratories,  at  The  University  of  Michigan’s  Institute  of  Science  and 
Technology. 
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Atmospheric  Phenomena 


6.1.  Prop  Arties  of  the  Atmosphere 

6.1.1.  Temperature.  Standard-atmosphere  temperature  profiles  from  0  to  100 
km  and  from  0  to  <00  km  are  shown  in  Fig.  6-1  and  6-2,  respectively.  The  profiles  'e 
based  cn  the  U.S.  Standard  Atmosphere,  1962  [1]. 


Fio.  6-1 .  Atmoephcnc  temperature  profit  a*  from  0  to  100  km.  Baaed  cm 
U.S.  Statda-d  Atmoapi^*rt,  1962  [1). 
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Fir  6-2.  Temperature  profile  from  0  to  700  km  Based  on  U.S.  Standard 
Atmosphere,  1962  ll|. 


Supplemental  atmospheric  temperature  profiles  [2],  which  reflect  i;easonal  and 
latitudinal  variability  up  to  90  km.  are  shown  in  Fig  6-3  and  6-4.  Wrnter  profiles 
typical  of  the  tropics  <15°N),  subtropics  (3C°N),  and  midlatitudes  (45°N)  are  shown  ip. 
Fig.  C-3;  summer  profiles  for  the  same  areas  are  shown  in  Fig.  6-4  The  winter  and 
summer  profiles  for  15°N  are  identical  and  actually  represent  a  mean  annual  profile; 
at  this  latitude,  the  temperature-height  structure  remains  relatively  constant  through¬ 
out  the  year. 

6.1.2.  Pressure.  Standard-atmosphere  pressure  from  0  to  100  km  is  shown  in 
Fig.  6-1:  the  lefl  ordinate  of  Fig.  6-1  lists  pressure  versus  height  from  0  to  100  km. 
All  of  the  pressure  data  are  based  on  the  United  States  Revised  Atmosphere,  1962  [1]. 

Supplemental  atmospheric-pressure  data,  which  reflect  seasonal  and  latitudinal 
variability  (Sec.  6.1.1),  are  given  in  [2).  The  differences  in  pressure  between  the 
supplemental  atmospheres,  and  between  each  supplemental  atmosphere  and  the 
standard  atmosphere  (Fig.  6-1),  are  slight. 

6.1.3.  Density.  Standard-atmospheric-pressure  da_a,  which  reflect  seasons).  and 
latitudinal  variability  (Sec.  6.1.1).  are  given  in  [2]  and  Fig.  6-1. 

6.1.4.  Atmospheric  Composition.  Table  6-1  givrs,  the  composition  of  the  atmos- 
phe:  •  up  to  about  90  km.  Only  carbon  dioxide  <COj),  water  vapor  (H^Ol.  ozone  (03>, 
methane  iCH(),  nitrous  oxide  <N.O),  find  carbon  monoxide  (CO),  are  discussed  in  this 
section.  The  two  most  abundant  gases,  M*  and  0-,  although  they  do  not  exhibit  any 
infrared  absorption  hands,  i  feci  the  intensities  of  the  observed  absorption  bands  of 
the  other  constituents  through  Lorentz  (pressure,  ^  jllision )  broadening  (Sec.  6.2). 
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TEMPERATURE  (°K) 

Fig.  6-3.  Supplemental  winter  temperature  profile*  for  tropics  (15°N), 
subtropics  (30°N),  mid-latitudes  (45'N),  and  subarctic  latitudes  <60°N)  (2). 


Tabus  G-l.  Composition  of  the  ATMoepiasRE  [3]. 


Constituent 

Percent  by 
Volume 

Constituent 

Percent  by 
Volume 

Nitrogen 

78.088 

Krypton 

1.14  x  10" 

Oxygen 

20.949 

Nitrous  Oxide 

5x10s 

Aryan 

0.93 

Carbon  Monoxide 

20  x  10 

Carbon  Dioxide 

0.033 

Xenon 

8.6  x  10-* 

Neon 

1.8  x  10  5 

H;-  drogen 

5  x  10* 

Helium 

5.24  x  10  " 

Oione 

variable 

Methane 

1.4  x  10" 

Water  Vapor 

variable 
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Fig  6-4.  Supplemental  summer  temperature  profile*  for  tropica  (15°N), 
subtrop’c*  (30'Nr.  mid-latitude*  (45*N),  and  subarctic  latitudes  (60°N)  [2]. 


6.1.4. 1.  Carbon  Dioxide  Distribution.  The  average  amount  of  COj  present  in  the 
atmosphere  is  0.33%  by  volume.  This  average  concentration  remains  almost  constant 
in  both  space  and  time  (Table  6-2).  The  burning  of  fossil  fuels  gives  rise  to  a  gradual 
increase  of  about  0.7  ppm  per  year.  Superimposed  on  this  fundamental  cycle  is  a 
ground-level  daily  cycle  caused  by  the  exchange  of  CO»  with  soil  and  vegetation.  The 
ground-level  daily  cycle  can  have  local  fluctuations  of  COs  concentration  ranging  from 
200  to  600  ppm,  but  is  characteristically  confined  to  a  shallow  layer  of  the  atmosphere 
immediately  above  the  earth's  surface  (up  to  a  fc'v  hundred  feet).  In  addition  there  is 
a  seasonal  variation,  apparently  due  to  vegetation,  which  depends  on  latitude  and  is 
about  2  ppm  between  46°  and  90°N. 

In  view  of  both  the  small  departure  in  COi  concentration  ov»i  the  longer  cyclic 
period  and  the  uniformity  of  horizontal  COj  distribution,  it  may  ue  assumed  that  no 
noticeable  variations  of  the  mixing  ratio  occur  with  height  above  the  biologically  active 
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ground  layer.  Thus,  the  annual  mean  COi  concentration  profile  shown  in  Fig.  6-5 
is  reasonably  accurate,  at  least  alx>ve  a  few  hundred  feet  altitude. 

Below  this  altitude,  data  on  the  distribution  of  C02  over  a  particular  area  at  a  particu¬ 
lar  time  for  absorption  and  transmission  calculations  is  desirable.  In  most  cases, 
however,  such  data  are  not  available  and  the  mean  profile  will  probably  have  to  U8ed, 
witn  some  degradation  in  accuracy  expected. 


Table  6-2.  Variation  or  COt  Concentration  [41. 


Air  Mass 
Time  of  Year 
Location 

Average  Variation 
from  Average 
Concentration 
(%) 

Air  Mass 
'.~'ime  of  Year 
Location 

Average  Variation 
from  Average 
Concentration 
(%) 

Maritime  air  (Europe)  —1.1 

Autumn 

-0.1 

Continents1  air 

+1.6 

Winter 

+0.6 

Polar  air 

-0.7 

Rural  France  (64°  N) 

+4.4 

Tropical  air 

+2.5 

West  Indies  (20°N) 

+3.3 

Spring  (Europe) 

+0.8 

South  America  (40°S) 

-1.0 

Summer 

-1.4 

Cape  Horn  (56° S) 

— S.9 

6.1.4.2,  Water-Vapor  Distribution.  Water-vapor  measurements  are  generally  in 
agreement  below  the  tropopause.  In  the  stratosphere,  hr.wever,  there  is  wide  dis¬ 
ablement  among  various  measurements  [5],  Some  indicate  a  relatively  dry  at¬ 
mosphere  with  a  constant  mixing  ratio  of  about  0.05  g/Hg  (dry  stratosphere);  other 
measurements  indicate  that  there  is  a  reoovery  of  the  mixing  ratio  from  about  0.002  or 
0.003  at  the  tropopause  to  about  0.1  near  30  km  (wet  stratosphere). 

There  is  no  agreement  at  the  present  time  between  those  who  favor  a  "dry”  strato¬ 
sphere  [6-16]  and  those  who  favor  a  "wet”  stratosphere  [17-24],  Accordingly,  water- 
vapor  distribution  for  a  dry  stratosphere  is  shown  in  Fig.  6-c  and  for  a  wet  stratosphere 
in  Fig.  6-7  and  >8. 
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Fio.  6-6.  Watei  vapor  mixing  ratio  v».  altitude 
("dry”  strstoepherrj  [25] . 


RELATIVE  HUMIDITY  (%) 


ALTITUDE  (km) 
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N  Mean  of  2  hydrometric  a  scent  ■ 
by  U.  S.  Naval  Research  Labs. 

B  -  Mean  of  2  hydrometric  ascents 
by  Ballistic  Research  Labs. 

F  -  One  spectroscopic  ascent  by  Univ 
of  Denver 

J  -  Means  of  the  Japanese  Meteorological 
Agency  ascents,  100  of  which  reached 
or  exceeded  300  mb  and  2  oi  whi.h 
reached  lo  mb 


M  -  Means  of  the  Erltlsh  Meteorological 
Research  Flight  hydrometric  ascents, 

400  of  which  reacr.eo  or  exceeded  300  mb 

V  -  Mean  of  7  ascents  of  the  United  Kingdom 
Atomic  E  >ergy  Authority’s  water  vapor 
absorption  device  (vapor  trap) 

X  •  Mean  of  all  symbols  at  level 


Fig.  6-7.  Water  vapor  mix.ng  ratio  altitude  ("wet"  stratosphere)  (261. 


i 


0 


0 
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TEMPERATURE 

N  -  Mean  of  2  hydrometric  a  seer,  is 
by  U.  S.  Naval  Hese?rch  Labs. 

B  -  Mean  of  2  hydrometric  ascents 
Itv  Ballistic  Research  Labs. 

F  -  One  spectroscopic  ascent  Unv. 
of  Den  ver 

1  <  -  One  hydro  metric  ascent  by  t'niv. 
of  Denver 

.1  -  Means  of  the  Japanese  Meteorokinic.il 
Agency  ascents.  100  of  which  reached 
or  exceeded  300  mb  and  of  whuh 
reached  10  mb 


(°c) 

M  -  Means  of  the  Britisn  Meteorological 
Research  Flight  hydrometric  ascents, 

400  of  which  reached  or  exceeded  300  mb. 

V  -  Mean  of  7  ascer.ts  of  the  United  Kingdom 
Atomic  F.nergy  Authority's  water  vapor 
.ibso'i/Mon  device  fvypor  trap) 

X  -  Mean  of  all  symbols  at  Irvel 


Fh;  6-8  Water  vapor  dewpoint  and  frost  point  vs.  altitude  ("wet”  stra'osphere)  126). 
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6.I.4.3.  Ozone  Distribution  '24j.  Of  the  ozone  in  the  atmosphere  90%  is  ccncen- 
tiated  in  a  layer  between  about  10  and  30  km  above  the  earth’s  surface.  The  maximu’ 
concentration  occurs  between  about  25  ar  d  30  km. 

In  the  upper  atmosphere,  ozone  is  formed  by  the  photochemical  dissociation  of  oxygen 
caused  by  radiation  at  wavelengths  shorter  than  2630  A.  The  oxygen  atoms  subse¬ 
quently  combine  with  an  oxygen  molecule  to  form  ozone.  In  the  lower  atmosphere, 
minor  amounts  of  ozone  are  thought  to  be  formed  through  photochemical  reduction  of 
atmospheric  pollutants.  Ultraviolet  radiation  between  2000  and  2900  A  breaks  ’own 
ozone,  resulting  in  an  equilibrium  in  ozone  formation  and  destruction.  Snould  an 
imbalance  in  ozone  concentration  at  any  particular  altitude  occur,  the  time  required  *o 
restore  equilibrium  can  be  determined.  At  altitudes  of  about  50  km,  this  time  is  a 
matter  of  minutes,  below  35  km  a  matter  of  days,  and  below  15  kin  a  matter  of  years. 

L/>w-altitudc  ozone  concentrations  are  influenced  by  atmospheric  motions,  dust,  and 
other  attenuators  that  interfere  with  the  establishment  of  equilibrium  conditions 
[4,  27-29],  For  example,  a  large-scale  flattening  out  causes  a  low-altitude  secondary 
maximum  in  the  ozone  profile  near  the  tropcpause.  When  such  conditions  occur, 
photochemical  processes  quickly  restore  equilibrium  in  the  higher  altitudes  and  pro¬ 
vide  an  overall  increase  in  the  total  ozone  content  of  the  atmosphere.  Hence,  as  shown 
in  Fig.  6-9,  a  correlation  exists  between  the  maximum  level  of  ozone  and  the  total 
amount  of  ozone  [30].  Two  levels  of  maximum  concentration  are  indicated:  (l)a  high- 
altitude  (27  km)  maximum  of  about  .10  *o  15  X  10s  cm  km-1  that  occurs  during  all 
seasons,  and  (2)  a  low  altitude  maximum  (12  km)  that  occurs  only  during  the  winter 
and  only  at  times  of  high  total  ozone  concentration. 


OZONE  DENSITY  (10'3cm  km’1) 

F:g.  6-9.  Mean  seasonal  vertical  distribu- 
:on  of  ozone  (approximately  52°N)  [291. 


Table  6-3,  based  on  limited  data,  presents  probable  ozone  distributions.  The  large 
increase  at  the  12-24-km  altitude  reflects  the  winter  correlation  between  total  ozone 
and  lower  stratospheric  temperature  changes  (sudden  warnings). 


Table  6-3.  Vertical  Distribution 
of  Ozone  for  Two  Total  Ozone 
Concentrations  [31]. 


Total 

Ozone 

Altitude  (km) 

(cm) 

0-12 

12-24  24-36 

36-54 

0.300 

15* 

37%  37% 

11% 

0.600 

12% 

53%  26% 

8% 
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Fig.  6-10.  Mean  ozone  distribution  [24]. 


-2 


10 


-l 


Fixture  6-10  shows  the  mean  ozone  distribution  for  the  Northern  Hemisphere.  Fig¬ 
ure  6-11  and  6-12  show  the  seasonal  Vb ration  of  total  ozone  and  the  mean  meridional 
distributions  of  ozone,  respectively.  The  <*urves  in  Fig.  6-10  are  essentially  an  envelope 
of  possible  distributions  within  which  it  is  presumed  til  distributions  wiil  occur.  The 
primaiy  maximum  concentration  shown  at  an  altitude  of  25  to  30  km  is  well  founded 
on  hot,  l  theoretics1  and  experimental  data.  ITu.  remainder  of  'he  profile,  however, 
is  established  in  part  by  theoretical  considerations  of  the  effect  of  the  normal  process 
of  weather  on  ozone  distribution  [27]. 

Figure  6-10  also  shows  suggested  maximum  and  minimum  concentration  extremes 
for  each  10-km  level  based  on  highest  and  lowest  concentration  values  on  record. 
These  minimum  and  maximum  extremes  should  not  be  interpreted  as  minimum  and 
maximum  profiles. 

The  nocturnal  hiigh-altitude  buildup  of  ozone  concentrations  shown  in  Fig.  6-10 
is,  to  a  great  extent,  conjecture.  Theory  predicts  that  such  a  secondary  maximum 
should  occur  at  about  70  km  at  night,  primar'ly  as  a  result  of  the  large  concentrations 
of  atomic  oxygen  at  these  heights  [32,  34],  Some  evidence  of  the  existence  of  such  a 


Fig.  6-11.  Seasonal  variation  of  total  ozone  [32]. 
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Latitude  <°N) 

Fig.  6-12.  Mean  meridional  distribution  of  ozone  [33]. 

high-aititude  maximum  is  presented  by  spectral  observations  of  Echo  I  brightness  [35]. 
In  this  instance,  the  high-altitude  maximum  occurs  at  about  55  km,  and  can  be  ex¬ 
plained  only  partially  by  photochemical  theory  System  inaccuracies  an  questionable 
assumptions  may  account  for  some  of  the  observed  results. 

3.I.4.4.  Methane,  Nitrous  Oxide,  and  Carbon  Monoxide.  Distributions  Methane, 
nitrous  oxide,  and  carbon  monoxide  are  rarer  gLtses  that  absorb  significantly  only  ever 
long  paths.  The  amount  of  these  gases  in  the  atmosphere  is  given  in  Table  6-1.  All 
available  evidence  indicates  a  uniform  mixing  ratio  [36], 

6-1.5.  Particle  Concentration  and  Size  Distribution.  The  concentration  and  size 
distribution  of  scattering  particles  in  the  atmosphere  vary  widely  both  geographically, 
and  temporally  in  a  given  location.  Accurate  messurement  of  these  particles  is  diffi¬ 
cult,  and  the  amount  of  good  data  is  limited.  From  the  available  data,  however,  repre- 
ser.  ^itive  samples  of  the  distribution  of  particles  with  respect  to  uize  are  plotted  in  Fig. 
6  ?.3  through  6-16.  Figure  6-13  gives  an  average  particle-size  distribution  curve  for  a 
continental  air  <r  ndition  and  for  a  maritime  air  condition  [37).  Figure  6-14  is  the  dis¬ 
tribution  of  particles  measured  by  capture  for  a  haze  and  a  fog  [38].  Figure  6-15  is  the 
relative  size-distribution  curve  for  a  fair-weather  cumulus  cloud,  where  the  total  nura- 
ber  of  particles  per  cm3  in  the  cloud  is  300  [39 j.  So  that  measuied  values  may  be  com¬ 
pared  with  analytical  functions  used  to  approximate  the  size-distribution  curves  of 
natural  aerosols,  Fig.  6-16  shows  three  such  functions,  two  haze  models  and  one  cloud 
model  [401.  The  curves  are  normalized  so  that  the  integrated  area  under  each  curve 
gives  100  particles  per  cm3.  The  concentration  of  scattering  particles  as  a  function  of 
altitude  is  ihown  in  Fig.  6-17,  which  includes  the  results  of  a  number  of  investigators!  4 1 


I 
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Fig.  6-13.  Particle-size  dis¬ 
tribution  for  continental  and 
maritime  air  137 J. 


Fig.  6-14.  Particle  size  distri¬ 
bution  measured  by  capture  for 
a  naze  and  a  fog  138], 


PARTICLE  RADIUS  (;j) 


Fig.  6-15.  Relative  size-distribution 
of  droplets  in  a  fair-  weeiher  cumulus 
cloud  [39j. 


Fig.  6-16.  Three  model  size-distribution 
functions  (40). 
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Fig.  6-17.  Relaiive  particle  concentration  as  a 
function  of  altitude  from  various  investigators 
141]. 


6.2.  Absorption  by  a  Single  Line 

The  fractional  radiant  absorptance,  A,  over  a  finite  wave-number  interval.  An,  is 
defined  as 


A 


(1  ~ek^)dv 


(6-1) 


where  k„  is  the  absorption  coefficient  at  the  wave  number  and  u  is  the  mass  of  absorbing 
gas  per  unit  area.  For  most  atmospheric  absorption  problems,  the  Lorentz,  or  pressure- 
oroadened,  line  shape  should  be  used.  At  very  great  altitudes  in  the  stratosphere  th« 
principal  cause  of  line  broaden!  g  i3  the  Doppler  effect. 

The  absorption  coefficient,  k,.,  for  the  Lorertz  line  shape  is 


k. 


S  a 
n  (r  —  v0)2  a2 


'6-2) 


where  S  is  the  total  line  intensity  <  •  is  the  half-width  of  the  spectral  line  whose 
center  is  located  at  the  wave  number  i\>.  According  to  kinetic  theory,  the  half-width 
depends  on  both  the  pressure,  p,  and  absolute  temperature,  T,  as 


a  =  a0 


(6-3) 


where  0  refers  to  the  value  of  the.  quantity  tor  some  standard  condition.  For  most 
atmospheric  infrared  problems,  pressure,  p,  can  be  taken,  as  the  total  pressure.  It  is 
more  accurate  to  use  an  effective  pressure  equal  to  the  total  pressure  rius  some  con¬ 
stant.  times  the  partial  pressure  [42].  If  the  absorbing  g&s  n  only  a  small  fraction  of 
the  total,  however,  the  difference  between  the  two  quantities  is  usually  small. 
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and  k  is  the  Boltzmann  constant,  m  is  the  mass  of  the  molecule,  and  c  is  the  ve’ocity  of 
light  Although  the  lorentz  line  shape  dec r  ses  only  as  (c  —  cAJ  at  wave  numoers 
that  are  more  than  several  half-widths  from  the  line  center,  the  Doppler  line  shape  is 
concentrated  more  near  the  line  center  and  falls  off  exponentially  in  the  wings  of  the 
line. 

When  both  the  processes  that  lead  to  the  Lorentz  and  Doppler  line  shapes  must  be 
considered  nt  once,  the  absorption  coefficient  is  given  by  [43,  44] 


(In  2)1/*  Sa  r  e  _ 

7T1'1  A  c0  J_x  a*  +  (t v  —  x)1 


(6-6) 


where 

a  —  ( In  2)>'*  -r— - 
Ac  „ 

(6-7) 

w=(  In 

Act 

(0-8) 

x  —  Sul2na 

(6-9) 

Although  this  integral  cannot  be  evaluated  in  closed  form,  numerous  approximations 
are  given  in  the  literature.  A  general  expression  for  the  Taylor  series  and  the  asymp¬ 
totic  expression  is  given  in  [44];  [43]  gives  a  general  review  of  the  problem. 

6.2.1.  Single  Line  with  Lorentz  Shape.  When  the  pressure-broadened  Lorentz 
line  shape  is  valid,  the  abeorptance  as  obtained  from  Eq.  >6-1  and  6-2)  can  be  written  as 

.4  A^  =  a  |  [  1  -  exp  ]  d»'  (6-1C) 

where  c'  =  (c  —  v0)la  (6-11) 

The  limits  of  integration  have  been  extended  to  infinity  since  it  is  assumed  that  there 
is  no  absorption  outside  of  the  interval  Ac. 

Two  limiting  results  for  the  absorptance  that  can  frequently  be  used  are  the  weak- 
line  and  strong-line  approximations  (Sec.  6.4.1  and  G.4.2).  When  the  path  length  is 
small  or  the  pressure  is  large,  the  absorption  is  small  at  all  wave  numbers,  including 
the  line  centers.  In  this  case  the  exponential  in  Eq.  (6-10)  can  be  replaced  by  the  first 
two  terms  in  its  series  expansion,  and  the  fractional  radiant  absoipticn,  A,  over  a  finite 
wave-number  interval,  Ac,  can  be  expressed  as  t-»5-47] 

A  Ac  —  2  vox  —  Su  to.  r  <  0.2  (6-12) 

Thus,  the  absorptance  for  a  single  line  increases  linearly  as  iao  and  the 

line  intensity  increases  whenever  the  weak-line  approximation  is  valid.  Equation 
(6-12)  is  accurate  within  10%  when  x  <  0.2. 
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V,  lien  either  the  path  length  is  ia:  ge  or  the  pressure  is  small,  the  absorption  may  be 
complete  over  a  wave-number  region  cf  several  half-widvhs  around  the  line  center. 
In  this  case,  the  strorg-line  approximation  is  valid,  which  is  equivu'ent  to  neglecting 
the  factor  unity  compared  to  v"1  in  the  denominator  of  the  exponential  in  Hq.  (3-10  . 
This  can  be  done  because  the  factor  unity  can  alw  ,ys  be  neglected  in  the  wings  of  the 
lines  when  v'  >  >  1.  For  other  values  of  v',  the  exponential  has  a  value  very  c'.'.se  to 
zero  so  that  its  exact  value  does  not  matter.  When  this  factor  i3  neglected  [45-47], 

^Ar  =  2(.Sau)''2forx>  1.63  (6-13) 

which  is  called  the  square  root  region,  since  the  absorptance  varies  as  the  square  loot 
of  the  path  length,  pressure,  and  line  intensity.  Equation  (6-13)  is  accurate  within 
10%  when  t  >  1.63. 

The  integral  in  Eq.  (6-10)  can  be  evaluated  exac;>  to  obtain  the  following  expression 
for  the  absorptance  of  a  single  spectral  tine  [48 j: 

A  Av  =  2-rTuxe  x  [/0(x)  +  2iU)]  (6-14) 

where  x  is  defined  by  Eq.  (6-9)  and  /0  and  !<  are  the  Bessel  functions  of  imaginary 
argument.  This  function  is  tabulated  in  [45].  'Die  limiting  expressi  ns  given  by 
,r'  '3-12)  and  (6-13)  can  be  obtained  from  Ey  (6-14)  from  the  usual  expansions  of  the 
-essel  function  for  small  and  lar»re  values  of  the  argument. 

6.2.2.  Single  Line  with  Doppler  Shape.  When  the  spectral  lines  have  the  Doppler 
shape,  the  absorptance  is  obtained  by  substituting  Eq.  (6-4)  into  Eq.  (6-1).  When  the 
weak-line  approximation  ia  valid,  the  absorptance  is  given  by  [49] 


A  Av  =  Su 


(6-15) 


Tb  s  is  the  same  as  Eq.  (6-12);  thus,  the  line  shape  does  not  affect  the  absorption  when 
the  lines  are  weak.  Only  the  total  line  strength  is  ot  importance  in  this  limiting  tase. 
When  the  strong-line  approximation  is  valid, 


where 


1/2 


for  Xd  >  >  1 


(6-16) 


Xi> 


fin  2V'2  Su 
\  TT  /  A  Vi, 


(6-17) 


The  absorptance  increases  very  slowly  as  the  number  oi  absorbing  molecules  in¬ 
creases  because  the  Doppler  line  shape  drops  off  exponentially  in  the  wings  of  (he  line 
When  the  path  is  sufficiently  long  to  absorb  most  of  the  radiation  near  the  center  of  the 
line,  it  is  not  possible  to  absorb  much  additional  radiation  in  the  wings  of  the  line  by 
increasing  the  amount  of  absorbing  gas  For  long  paths,  the  Doppler  line  shape  acts 
qualitatively  as  though  it  absorbed  all  of  the  radiation  over  a  bandwidth  of  2A vn  and 
none  outside  this  interval.  By  contrast,  the  absorptance  increases  as  the  square  root 
of  the  path  length  for  the  Lorentz  line  shape  since  the  line  shape  varies  as  iv  -  r„)  2 
in  the  wings. 

When  neither  of  these  limiting  expressions  'or  the  absorptance  by  a  line  with  the 
Doppler  shape  is  valid,  it  is  necessary  to  one  of  the  more  general  expressions  that 
have  been  derived  or  one  of  the  many  tables  or  graphs  that  have  been  calculated  [43]. 
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S.2.3.  Single  Line  with  Both  Doppier  and  Lorentz  Broadening.  When  the  line 
shape  is  a  result  of  both  Doppler  end  Lorentz  broadening  (Eq.  G-6)  the  absorbance  is 
still  given  by  Eq.  (6-15)  when  the  weak-litn  approximation  is  valid  When  the  strong¬ 
line  approximation  is  valid,  the  absorptaroe  is  given  by  [49] 


,<  A,  -  2 <w»  [>  +  !(■-  H  +  -  ]  (6-18) 

where  a  is  derived  from  Eq.  (6-12).  Higher-order  terms,  are  given  in  [49]  The  leading 
term  in  this  expression  is  the  same  as  that  of  Eq.  (6-13),  which  is  the  expression  for 
the  absorpt&nce  of  a  line  with  the  I-orentz  line  p>ape  in  the  square  root  region.  In  the 
strong-line  region,  the  Lorentz  line  shaoe  :s  much  more  important  in  deter  mi  ping  the 
ibsorptance  than  the  Doppler  line  shape  because  the  Lorei  t,z  shape  falls  off  much  more 
slowly  in  the  far  wings  of  the  line.  The  Doppler  half-wicith  nay  even  be  much  larger 
than  the  Lorentz,  yet  the  Lorentz  line  shape  can  still  determine  the  absorptance. 

More  complicated  expressions  for  the  absorptance  in  intermediate  regions  are  dis¬ 
cussed  in  [43], 

6.3.  Absorption  by  Bands 

When  the  spectral  lines  in  a  band  do  not  overlap  appreciably,  the  absorptance  of  a 
group  of  spectral  lines  can  be  calculated  bv  summing  the  contribution  from  the  in 
dividual  spectral  L.'es.  However,  in  many  cases  of  practical  interest,  the  spectral 
lines  overlap  appreciably  and  this  effect  must  be  taken  into  account  when  the  absorp¬ 
tance  is  calculated.  When  the  lines  overlap,  the  absorptance  is  always  lees  than  would 
be  expected  from  the  same  number  of  isolated  spectral  lines. 

The  absorptance  of  a  band  of  overlapping  spectral  lire?  depends  cn  details  of  the 
relative  spacing  between  the  spectral  lines  and  their  intensity  variation.  Because  of 
the  many  rapid  variations  of  the  absorption  coefficient  of  a  band  as  a  function  of  fre¬ 
quency,  it  is  very  difficu’t  to  integrate  Eq.  (6-1),  even  with  a  large  electronic  computer 
This  is  not  necessary,  however,  since  four  models  are  available  that  represent  the 
absc.  (,‘tion  from  ar  actual  band  with  reasonable  accuracy.  These  four  models  are: 
(1)  Elsa3ser  model  [59];  (2)  statistical  model  [51,  52];  (3/  random  Elsasser  model  [46, 53]; 
(4'  quasirandom  model  [54]. 

6.3.1.  Elsasser  Model.  The  Elsasser  model  assumes  that  the  spectral  lines  are 
evenly  spaced  and  that  they  all  have  the  same  intensity  (Fig.  6-18A).  Some  portions 
cf  the  CCh  spectrum  can  be  represented  with  fair  accuracy  by  this  model.  However, 
there  are  always  numerous  weak  lines  between  the  stronger,  regularly  spaced  lines 
in  this  spectrum  and  furthermore  the  lin~  intensity  varies  with  frequency.  The  weak 
lines  absorb  an  increasing  share  of  the  radiation  L'  th<  path  length  becomes  longer. 
Thus  the  Elsasser  model  does  not  represent  C02  absorption  accurately  over  a  wide  range 
of  path  lengths 

The  exact  expression  for  the  absorptance  of  an  Elsasser  band  is  [50] 


„  ,  1  T  -  Px  sinh  0  , 

A  =  1  -  r-  exp  — r— - ilz 

2irj  cosh  /3  —  cos  z 


where 


B  =  2  iraid 


(6-19) 

1 6-20) 


x  is  defined  by  (6-9),  and  d  is  the  line  spacing.  This  integral  cannot  be  evaluated  in 
closed  form,  but  useful  expressions  for  the  ihsorptance  can  be  found  in  certain  'imits 
(Sec.  6.4).  An  extensive  calculation  of  the  b’tsgrai  in  Eq.  (6-19),  including  a  table 
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Fig.  6-18.  Comparison  of  Elaaaser,  statistical  and  random  Flsaaser  model 


for  values  of  /3  from  0.0001  to  1 .0  and  fo i  values  of  Su/d  sinh  /3  from  0  02  to  1.5(10)*  is 
giv>m  in  [55],  The  variation  of  the  absoiptance  as  a  function  of  fi'x  ;s  shown  in  Fig. 
6-19.  The  various  curves  are  for  particular  values  of  /3;  i.e.,  they  give  the  absorptance 
at  constant  pressure.  The  linear  and  square  root  approximations  ere  indicated  to  show 
their  regions  of  validity. 


Fig.  6-19.  Absorption  for  an  Eisasser  band  as  a  function  of  fPx  --  2naSul>  "b 
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6,3.2.  Statistical  Model.  Tha  statistical  or  Mayer-Goody  modei  assumes  that  the 
spectral  lines  have  a  random  spacing  (Fig.  6-lbli)  as  contrasted  to  the  regular  spacing 
of  the  Elsasser  model.  Tb-  n  tensity  of  the  spectral  lines  can  vary  in  any  manner  what¬ 
soever  as  long  as  it  can  be  represented  by  some  distribution  function.  The  absorptance 
of  H20  can  be  represented  by  the  statistical  model  over  a  moderate  range  of  pa 1  h  lengths 
:u:d  pressures. 

The  absorptance  over  a  wave-number  interval,  D,  when  the  statistical  model  is  valid, 
is  given  bv  [46] 

A  -  1  —  (1  —  A,t.i>)H  (6-21) 

where 

A, i,  n  (Sn.M-P)  ~  (S,p.p)P{S,S0)  AS 

'0 

A,i.d  is  the  absorptance  of  a  single  isolated  spectral  line  over  the  ».  ::ve-number  interval 
D,  P(SJS„)  is  the  normalized  probability  of  finding  a  spectral  line  with  an  integrity 
between  S  and  S  +  dS,  S0  is  a  parametric  mean  line  intensity  that  occurs  in  the  intensity 
distribution  function,  and  n  is  the  number  of  spectral  lines  in  the  interval  D  whose  mean 
spacing  is  d. 

When  tt  in  the  interval  D  is  large,  Eq.  (6-21)  approaches  the  form  [46,  51,  52] 

4  =  1-  exp  (-  hAki.  d)  for  n  >>  10  (6-22) 

Equetio  i  (6-22)  should  not  be  used  when  there  are  a  small  number  of  lines  in  the 
interval. 

As  examples  of  the  use  of  these  equations  assume  that:  (a)  all  the  spectral  lines  are 
equally  int  ->se,  so  that 

P(S)  «  6(S  -  So)  (6-23) 

( b )  an  exponential  distribution  of  line  intensities, 

P(S )  =So~'  exp  (—S/So)  (6-24) 

For  inteneit;  distribution  (c),  the  absorptance  of  a  single  line  averaged  over  the  distri¬ 
bution  is  obtained  by  replacing  S  by  S0  in  the  appropriate  expression  for  the  absorptanr® 
of  a  single  line  given  (Sec  6-2).  This  result  can  then  be  substituted  into  Eq.  (6  ?1)  or 
<6-22)  to  obtain  the  absorptance  of  a  bai  J.  The  absorptance  for  this  case  is  shown  in 
Fig.  6  -20,  assui  ling  that  ail  of  the  spectral  lines  are  equally  intense,  that  the  Lorentz 
line  shape  is  valid,  and  that  the  absorption  is  frori  a  large  number  of  spectral  Kn.es 
with  ar  average  spacing  d. 

The  single-line  absorptance  &»  calculated  for  intensity  distribution  ib)  is  ,46] 

4  =  1  “  [ 1  ~  1 


or 


where 


A  =  1 


1 

9  ?„)!/*  I 


mr  n  >>  10 


yr  —  .*  .i'Ji'.q 


(6-26) 


The  expressions  tor  the  absorptance  i.f  a  singl  -  'ino  that  are  used  in  r  ving  Eq.  (6  25) 
and  (6-26)  assume  an  infinite  fre  uency  interval.  These  approximate  expressioi  3  for 
A,/.c>  may  be  used  only  so  long  at  '.here  is  no  appreciable  absorption  by  the  single  lire 
outside  of  the  interval  D.  In  general,  more  complicated  expressions  for  the  absorptance 
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Fig.  8-20.  Absorption  for  the  statistics!  uiodel  as  »  function  of  fPx. 


of  a  single  line  over  a  finite  frequency  interval  must  be  used.  [54].  The  single-line 
expressions  for  the  absorptance  of  a  line  with  the  Doppler  shape  or  the  Doppier-Lorentz 
shape  can  also  be  substituted  into  Eq.  (6-21)  or  (6-22). 

The  absorptance  for  the  statistical  end  Eisasser  models  is  compared  in  Fig.  6-2 1 .  The 
absorptance  is  always  laiger  at  long  path  lengths  for  the  Eisasser  model  since  the 
spectral  lines  absorb  most  efficiently  with  ler  spacing.  With  a  random  spacing,  the 
lines  overlap  more  strongly  because  lines  which  happen  to  he  close  together  cannot 
absorb  as  efficiently  as  when  they  are  spaced  further  apart. 


Fig.  6  21.  Comparison  of  absorption  from  the  statistical  and  Eisasser  band  models. 
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The  absorptance  for  the  Lorentz,  Doppler,  and  square  (absorption  coefficient  constant 
over  a  :inite  frequency  interval)  line  shape  are  compared  in  Fig.  6-22  for  a  random 
distribution  of  lines.  In  each  cate,  the  statistical  model  with  all  of  the  lines  eoually 
intense  is  assumed.  For  comparison  purposes,  /3 o  and  xd  are  set  equal  to  /3  and  x  for 
the  Lorernz  line  shape.  Tlie  very  slow  increase  of  the  absorptance  for  large  path 
lengths  can  be  seen  foi  the  Doppler  line  shapa 


Fig.  8-22.  Absorption  of  spectral  lines  with  Doppler,  Lorentz,  and  square  line  shape. 
Statistical  model  with  equally  intense  lines  assumed. 


6.3.3.  Random  Eisasser  Model.  A  more  accurate  representation  of  band  ab¬ 
sorption  is  provided  in  many  cases  by  the  random  Eisasser  model,  which  assumes  the 
random  superposition  of  several  different  Eisasser  bands.  Each  of  these  superposed 
bands  may  have  a  different  line  intensity  and  spacing.  As  many  different  Eisasser 
bands  as  desired  may  be  superimposed  in  this  model.  Thus,  all  of  the  weak  spectral 
lines  that  contribute  to  the  absorption  for  Lhe  pain  lengths  and  pressures  considered 
can  be  included  in  the  absorption  calculations.  The  superposition  of  three  different 
Eisasser  bands  is  illustrated  in  Fig.  6-18C. 

The  absorptance  of  M  randomly  superposed  Eisasser  bands  is  [46,  53] 

d  =  1 -f]  [1  “  (Jtn /Si)  I  (6-27) 

1“  1 

where  Af,t  is  the  absorptance  of  an  Eisasser  band  with  a  half-width  of  at,  a  line  spacing 
Hi,  an  i  a  line  intensity  Si,  so  that  =  Siul2nat  and  /3i  =  2nai!di. 

6.3.4.  Quasirandom  Model.  The  quasirandom  model  is  the  most  accurate  and, 
necessarily,  the  most  complicated  of  the  band  models.  It  is  especially  useful  when  the 
nbsorpCmce  is  required  over  a  wide  range  of  path  lengths  end  pressures.  The  spectral 
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lines  in  an  actual  band  are  arranged  neither  as  regularly  as  required  by  the  Elsassei 
band  nor  in  as  random  a  fashion  as  in  the  statistical  mode',  there,  is  some  order  in  their 
arrei.jement.  In  the  quasirandom  model  the  absorpte  tee  is  calculated  first  for  a  fre¬ 
quency  interval  that  is  much  smaller  than  the  interval  size  of  interest.  This  localizes 
the  stronger  lines  to  a  narrow  interval  around  their  actual  positions  and  prevents  the 
introduction  of  spurious  overlapping  effects.  The  absorptance  of  this  narrow  interval 
is  calculated  from  the  equal  m  for  the  single-line  absrrptance  over  a  finite  interval 
[54].  The  absorptance  for  each  of  the  N  spectral  lines  in  the  interval  is  calculated 
separ,  ;eiy  and  the  results  combined  by  assuming  a  random  placing  of  the  spectral  lines 
within  he  small  interval.  The  absorption  from  the  wings  of  lines  in  neighboring 
intervals  is  included  in  the  calculation.  The  results  are  averaged  for  at  least  two 
different  arrangements  of  the  mesh  that  divides  the  spectrum  into  frequency  inter  'Is. 
Finally  the  absorptance  values  for  all  of  th?  small  intervals  that  fill  the  larger  in  al 
of  interest  i  -e  averaged  to  obtain  the  fins  '  value  for  the  absorptance.  An  elec  jnic 
computer  is  commonly  used  to  calculate  results  for  this  model  when  ,  iny  spectra,  lines 
are  involved.  The  mary  weak  spectral  linns  and  their  relative  spacing  are  accurately 
taken  into  account  b  this  model. 

The  absorptance  foi  the  quasirandom  model  is  given  by  [54] 

4  =  '6-28' 

L  j-i 

where  Aj  is  the  absorptance  of  each  of  the  L  smaller  wave-number  intervals  intc  which 
the  original  interval  Av  is  subdivided.  The  absorptance  Aj  is  calculated  from 

A,  =  1  ~n  [1  -A.,.,,"'  ( S„d ,)]  (6-29) 

1=  » 

where  A,uP  is  the  single-line  absorptance  over  the  finite  interval  D  for  a  line  with 
intensity  „S,  and  half-w;dth  i  id  M  is  the  number  of  lines  in  the  frequency  interval  j. 

References  [56]  and  [57]  give  absorptance  tables  for  H20  and  C02  based  on  the 
quasirandom  model  calculations.  In  these  calculations,  the  lines  in  the  small  fre 
quency  interval  were  grouped  by  intensity  decades.  The  average  intensity  and  number 
of  lines  in  each  of  these  dec:ades  were  <  ulculated  and  used  in  Eq.  (6-29).  All  lines  from 
all  isotopic  species  havirg  an  intensity  greater  than  10  *  of  the  strongest  line  in  an 
absorption  region  were  included  in  the  calculation.  The  final  results  for  the  trans¬ 
missivity  are  given  every  5  cm  1  for  C02  from  500  to  10,000  cm  and  for  I:20  from 
1000  to  10,000  cm  ’.  Values  averaged  over  20,  50,  and  100  cm  1  intervals  are  also 
presented.  All  values  are  grwn  at  three  tempo-  atures,  200°,  250r',  and  300°K,  and  for 
seven  pressures,  0.01,  0.02,  0.05,  0.1,  0.2,  0,5,  and  .'  atm.  The  path  length  for  C02 
rang  .g  from  0.2  to  10,000  atrn  cm  and  for  H20  from  0.001  to  5 )  cm  of  precipitable  water. 

6.4.  Useful  Approximations  to  Band  Models 

There  are  three  different  limits  in  which  approximate  forms  of  the  equations  given 
;n  Sec.  6.2  and  6.2  can  be  obtained.  These  are:  (1 )  weak-line  approximation;  (2)  strong 
line  approximation;  (3)  nor. overlapping-line  approximation.  Each  of  the  approxima¬ 
tions  is  valid  over  a  wide  range  of  path  lengths  and  pressures.  However,  care  must 
be  taken  to  use  each  approximation  only  within  its  own  region  of  validity.  A  detailed 
study  of  these  approximations  is  given  in  [47]. 

6.4,1.  Weak-Line  Approximation.  The  weak-line  approximation  assumes  that 
the  absorption  due  to  each  line  considered  individually  is  small  even  at  the  line  center. 
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However,  the  total  abeorptance  due  to  a  number  o?  such  lines  may  have  any  value 
(even  near  unity),  since  the  sum  of  a  number  of  email  quantities  is  not  necessarily  small. 
For  the  Elsasser  band,  Eq.  (6-19)  reduces  to  147] 


(6-30) 


in  the  weak-line  limit.  When  /3*  <<  1,  Eq.  (6-30)  reduces  to  Eq.  (6-12).  When  this 
inequality  is  satisfied,  the  lines  do  not  overlap  and  the  absorptance  increases  linearly 
with  path  length.  When  the  linps  begin  to  overlap,  the  exponential  term  in  Eq.  (6-13) 
takes  account  of  this  effect.  On  a  logarithmic  plot  of  absorptance  (Fig.  6-19),  the  slope 
of  the  absorptance  curve  is  unit)  in  the  linear  region  where  the  lines  do  not  overlap  and 
the  weak-line  approximation  is  valid.  When  this  approximation  continues  to  be  valid 
as  the  path  length  increases,  the  slope  of  the  absorptance  curve  decreases,  as  shown 
on  the  curves  marked  #  =  1  or  10,  as  the  lines  begin  to  overlap. 

The  regions  of  validity  of  this  approximation  are  shown  in  Fig.  6-23  and  Table  6-4. 
Within  the  indicated  regions,  the  approximations  ace  accurate  within  10% 
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Table  6-4.  Regions  uf  Validity  of 
Various  Approximations  for  Band  Absorption.0 


Approximation 

£  =  2  nald 

Elsatser 

Model 

Statistical 
Model;  All 
Lines  Equally 
Intense 

Statistical 
Model; 
Exponential 
Line  Intensity 
Distribution 

Strong-line 

0.001 

x  >  1  83 

x  >  1.63 

xo  >  2.4 

approximation 

001 

x  >  1.63 

x  >  1.63 

x0  2.4 

0  1 

x  >  1.63 

x  >  1.63 

xo  >  2.3 

1 

x  >  1.35 

x  >  1.1 

xo  >  1  4 

10 

x  >  G.24 

x  >  0.24 

xo  >  0.27 

100 

x  >  0.024 

x  >  0.024 

xo  >  0.24 

Weak-line 

0.001 

x  <  0.20 

x  <  0.20 

xo  <  0.10 

approximation 

0.01 

x  <  0.20 

x  <  0.20 

xo  <  0.10 

0.1 

x  <  0.20 

x  <  0.20 

X#  <  0.10 

1 

X  <  =c 

x  <  0.23 

xo  <  0.11 

10 

X  <  00 

X  <  00 

Xo  <  00 

100 

x  <  OC 

X  <  CO 

Xo  <  » 

Nonoverlapping 

0.CC1 

X  <  600  000 

.r  <  63  000 

Xo  <  80  000 

line 

0.01 

x  <  6000 

x  <  630 

xo  <  800 

approximation 

0.1 

x  <  60 

x  <  6.3 

xo  <  8 

1 

x  <  0.7 

x  <  0.22 

xo  <  0.23 

10 

x  <  0.02 

x  <  0.020 

xo  <  0.020 

100 

x  <  0.002 

x  <  0.0020 

xo  <  0.0020 

'When  x  «■  Sul'w*  satisfies  the  giver,  inequalities,  the  indicated  approximation  for  the  absorption  is 
valid  with  an  error  of  than  10%.  For  the  exponential  line-intensity  distribution,  u  “  Sni-rina, 
where  P(S)  •  S,’1  x  exp  (—  a/.'.;'. 


The  weak-line  approximation  for  the  statistical  model  is  [47] 

or 

A  =  1  - 1-** 

These  equations  follow  for  any  intensity  distribution.  For  example,  when  P(.S)  is 
given  by  Eq.  (6-24),  replace  x  b,  x0in  equations  6-31  and  6-32.  The  regions  of  validity 
of  this  approximation  are  given  in  Table  6-4  and  are  showi.  in  Fig.  6-24.  Within  the 
indicated  regions,  the  approximations  are  accurate  within  10‘S. 

The  weak-line  af  n/oximation  for  the  random  ElBaaser  model  is  [47] 

^  =  V‘  (6-33) 

1-1 

and  for  the  quasirandom  model  is  [54] 

i  l  r  u  -  i 

A-H[ 

^ j. i  *-  i^i 


(6-31 1 

(6-3:; ) 


(6-34) 
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When  <<  1,  Eq.  (6-35)  reduces  to  Eq.  6-13,  which  is  the  square  root  approximation 
(Fig.  6-19).  For  example,  the  curve  marked  /3  =  0.01  has  a  slope  of  nearly  one-half  over 
most  of  the  region  shown  here.  Beyond  about  /3Jx  =  0.05,  however,  the  rhsorptance 
curve  begins  to  depart  from  the  square  root  approximation  as  the  spectral  lines  begin 
to  overlap. 

The  rathe  severe  limitations  of  Eq.  (6-35)  should  always  be  considered.  The  band 
under  consideration  must  nave  regularly  spaced  and  equally  intense  lines.  Further¬ 
more,  the  equation  is  only  valid  in  the  strong-line  region,  as  indicated  in  Fig.  6-21  and 
Table  6-4. 

The  strong-line  approximation  for  the  absorptance  for  the  statistical  model  is  [47] 


(6-37) 


or 


A  =  1  -exp-  (2f31x/n)llt  for  A' >>10 


(6-38) 


where  an  appropriately  defined  average  value  of  the  line  intensity  S  is  used  in  the 
determination  of  the  value  of  x.  Otherwise,  the  term  in  the  square  bracket  of  Eq.  (6-37' 
may  be  evaluated  for  each  of  the  /V  spectral  lines  and  (.he  results  multiplied  together. 
The  regions  of  validity  of  this  approximation  are  given  in  Fig.  6-24  and  Table  6-4. 
For  the  random  Elsasser  model,  the  strong-line  approximation  if  [47] 


where  x  and  /5,  are  as  defined  alter  Eq.  (6-27). 

For  the  quasirandoui  model,  the  strong-line  approximation  is  [46,  54] 

~ 

l-f-jc*'  -  irlllz,[l  -  <£(*/)]  j 

where 


(6-39) 


<6-40) 


x(*  =  8a(lx(/D* 

The  expression  for  the  absorptance  over  a  finite  frequency  interval  D  [46]  has  been 
used  in  deriving  Eq.  (6-40). 

6.4.3.  Nonoveriapping'Line  Approximation.  The  regions  of  validity  for  the 
strong-  and  weak-line  approximations  are  determined  by  whether  the  absorption  is 
large  or  small  at  the  frequency  of  the  line  center?  end  do  not  depend  on  the  degree  of 
overlapping  of  the  spectral  lines.  On  the  othesi  hand,  the  only  requirement  for  the 
validity  of  the  nonoverlapping-iine  approximation  is  that  the  spectral  lines  do  not 
overlap  appreciably.  It  is  valid  regardless  of  the  value  of  tlie  absorption  at  the  line 
centers.  Since  there  is  no  effect  from  the  overlapping  of  the  spectral  lines,  the  absorp¬ 
tion  is  independent  f  f  whether  the  spacing  between  the  lines  is  regular,  random,  or 
quasirandom.  However,  the  absorptance  can  depend  on  the  distribution  of  line  in¬ 
tensities  within  the  band.  The  nonoverlapping  line  approximation  is  particularly 
useful  for  extrapolating  the  absorption  to  small  values  of  path  length  and  of  the  pres¬ 
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For  any  model,  the  absorptance  when  the  nonoverlapping  approximation  is  valid 
is  [47] 


A  Av=  2t rctiXie  ''[/n(x,)  +  / 1 (jc.)  j 

(-1 


(6-41) 


where  the  summation  is  over  the  N  spectral  lines  in  the  frequency  interval  A»>.  The 
regions  of  validity  of  this  approximation  are  shown  in  Fig.  6-23  and  6-24  and  are  given 
in  Table  6-4. 

A  parti.ularly  simple  result  is  obtained  if  the  probability  distribution  of  line  in¬ 
tensities  is  given  by  Eq.  (6-24).  Then  the  absorptance  is  [47] 


A  Ai-  =  2TTocr0(l  +  2xc)-,/* 


(6-42) 


where 


Xo  =  Sotil2ira 


6.5.  Scattering 

Pure  scattering  occurs  if  there  ie  no  absorption  of  the  radiatiun  in  the  process,  and, 
hence,  no  loss  of  energy  but  only  a  redistribution  of  it.  Most  of  the  scattering  en¬ 
countered  in  the  atmosphere  is  essentially  pure.  Typical  exceptions  to  this  are  the 
dense  black  smoke  issuing  from  a  boiler  in  which  there  is  incomplete  combustion  or 
from  a  volcano  emitting  large  amounts  of  fly  ash.  In  these  cases,  the  carbon  and 
mineral  particles  not  only  scatter  but  also  absorb  strongly.  Only  pure  scattering  is 
discussed  in  this  section.  Concepts  developed  for  the  visible  region  of  the  spectrum 
are  used  in  extending  the  study  of  scattering  into  the  infrared  region. 

6.5.1.  Relationship  to  Field  of  View.  The  attenuation  due  to  scattering  of  a 
collimated  beam  of  light  depends  upon  the  fieid  of  view  of  the  receiving  instrument. 
If  the  field  of  view  is  very  large,  3on  e  light  scattered  at  a  very  small  forward  angle 
will  still  be  accepted  and  recorded;  if  the  field  of  view  is  very  small,  virtually  all  scat¬ 
tered  radiation  can  be  rejected  and  only  transmitted  radiation  registered. 

The  influence  of  the  field  of  view  of  a  measuring  radiometer  or  telcphotometer  is 
discussed  theoretically  in  [58].  Experimental  investigations  are  described  in  [59] 
and  [60].  The  dependence  of  measured  result  on  the  field  of  view  appears  to  be 
adequately  described  by  the  empirical  relationsh  ip  [60; 

T,  =  T+  0.5  ?lT)(l-e  •) 

where  8  —  angular  diameter  of  radiometer  field  of  view  (radians) 

T»  =  transmittance  measured  at  a  particular  X  with  a  radiometer  having  a  field 
of  view  8 

T  =  transmittance  >f  unscattered  light 

This  relationship  agrees  well  with  measurements  when  the  meteorological  range 
(Sec  6.5.2)  .s  greater  than  JO  :  m  but  deviates  from  *--asureir,  nts  in  a  hazier  atmos¬ 
phere.  Reference  [61]  presents  ables  based  on  ih  ..gular  scattering  function  of  a 
normal  atmosphere  [62],  from  wr  ich  the  scattered  'ximponent  can  be  evaluated  for  a 
given  state  of  the  atmosphere.  A  comparison  of  predicted  values  with  measured 
values  is  shown  in  Fig.  6-25. 
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Fig.  6-25.  Diffuse-to-collimatecl  transmission  ratio. 
TdiTe,  as  a  function  of  field  of  view  (ad  =  optical  density 
of  transmission  path)  [561. 


6.5.2.  Meteorological  Rtuige.  Meterological  range  is  a  convenient  parameter  for 
visually  describing  a  particular  scattering  condition.  It  is  defined  ea  the  distance  at 
which  the  average  eye  cun  just  barely  detect  a  large,  black  (non  reflecting  and  nonemls- 
sive)  target  against  the  horizon  sky.  To  obtain  a  definition  independent  of  individual 
eyes,  meteorological  range  is  further  defined  as  a  2%  contrast  between  the  distant  black 
target  and  the  sky.  The  2%  figure  represents  a  good  average  for  the  human  eye’s 
capabilities.  The  meteorological  range,  on  the  basis  of  the  2%  contrast  figure,  is 
related  to  the  visible  scattering  (Sec.  6.5.3)  coefficient,  <r  (km  ')  by  the  relationship 

where  V  =  meteorological  range  (km) 

( t  =  scattering  coefficient  (km  ') 

The  scattering  coefficient  is  related  to  the  transmission  (or  transmissivity)  of  a  given 
optical  path  by  the  relationship: 


T^eaT  (6-44) 

where  T  =  transmission  of  optical  path  of  length  x  (dimensionless) 
x  ~  optical  path  length  (kin) 
a  —  scattering  coefficient  (km  ') 

Figure  6-26  shews  meteorological  range  i ersun  scattering  coeJicient.  Consider  a  day 
on  which  the  meteorological  range  is  20  km.  Refer  to  Fig.  6-26;  the  visihl®  scattering 
coefficient  for  this  day  is  0.0 195/km.  The  transmission  over  a  5-km  path  is  then: 

T  =  e  o  =  0.377  =  37.7% 

A  detailed  discussion  and  methods  of  estimating  meteorological  range  are  given  in 
Chapters  6  through  9  of  [58]. 
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Fig  6-26.  Visible  scattering  coefficient,  G,  as  a  function  cf  meteorological  rr.nge. 
Solid  points  are  visual  ranges  taken  from  the  international  visibility  code. 


5.5.3.  Scattering  Coefficient.  Scattering  crn  be  treated  theoretically  in  three 
separate  appro  am  ies  according  to  the  relational  ip  between  the  wavelength  of  the 
radiation  being  scattered  and  the  size  f  the  particles  causing  the  scatter.  These 
approaches  are:  (1)  Fayhiprh  scattering;  (2)  Mie  scattering,  and  (3)  nonselective  scat¬ 
tering. 

d.5.3  1-  Rayleigh  Scattering.  Rayleigh  scattering  applies  when  the  radiation 
wavelength  is  much  larger  than  the  particle  size.  The  volume  scattering  coefficient 
for  Rayleigh  scattering  can  be  expressed  as  [63] 

<r  «  (4 irW*/**)  («*  -  «o*)‘/(n*  +  2rto,)»  (6-45) 

where  /V  =  number  of  particles  per  unit  volume  (cm-3) 

V  =  volume  of  scattering  particle  (cm3) 

>.  =  wavelength  of  radiation  (cm) 

mi  =  refractive  index  of  medium  in  which  particles  ire  suspended 
n  -  refractive  index  of  scattering  particles 
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For  spherical  wat  >r  droplets  in  air  (n0  sin®  1.33  for  the  visible  and  near  infrared, 
except  in  the  vicinity  of  absorption  bands  where  anomalous  dispersion  is  encountered), 
Eq.  (6-45)  becomes 

o-  =  0.827 NA3/k*  (6-46) 

vhere  A  =  the  ci oss-sectional  area  of  the  scattering  droplet.  This  expression  must  be 
integrated  over  the  range  of  X  and  A  encountered  in  any  given  circumstance.  As  long 
as  the  original  requirement  is  met  for  all  X  and  A;  i.e.,  the  Darticle  diameter  (2  \^A/v) 
is  very  small  compared  to  X,  the  same  scattering  can  be  experienced  from  a  large  number 
of  small  nn '•Holes  cr  a  small  number  of  large  particles,  provided  the  product  NA'  the 
same. 

6.5.3.2.  Mie  Scattering.  Mie  scattering  is  applicable  where  the  particle  size  is 
comparable  to  the  radiation  wavelength.  The  Mie  scattering  area  coefficient  is  defined 
as  the  ratio  of  the  area  of  the  incident  wave  front  that  is  affected  by  the  particle  to  the 
cross-sectional  area  of  the  particle  itself.  The  in:  r.  of  relationship  between  scattering- 
area  coefficient  said  particle-size  parameter  is  shown  in  Fig  6-27.  The  value  of  K  rises 
from  0  to  nearly  4  and  asymptotically  approaches  the  value  2  for  large  droplets.  The 
scattering  coefficient,  cr,  is  related  to  A  by 

a  -  NKira1 

or,  for  the  almost  universal  condition  in  which  t her?  is  a  continuous  size  distribution  ir 
the  particles,  by 

fa' 

crx  =  7r  N(a)K(a,n)a*  da  (6-47) 


0  10  20  Su  40  SO 

SIZE  PARA  4ETE.H  a  (»  ta/A) 


Fio  f-27  Scattering  c-ea  cr*ft<ieat  tv  v...  p^ameter  for 
•phrrieal  writer  drop?:  i  (radius  -  a).  W'ji  of  refraction, 
n  »■  1.33  [b71. 
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where  <rx  =  scattering  coefficient  for  wavelength 

j\(a)  =  number  of  particles  per  cubic  centimeter  in  tho  interval  da 
K(a.  «'  =  scattering  area  coefficient 
a  =  radirs  of  spherical  particle 
n  =  index  of  refraction  cf  particle 

With  the  units  of  a  and  <Y  in  an  an:?  cm-3,  respectively,  cr  is  in  units  of  cm  *.  To 
convert  to  km  the  lore  commonly  used  units  for  cr,  multiply  by  10*. 

References  [64]  and  [65]  present  a  detailed  treatment  of  scattering  theory.  Ref¬ 
erence  [66]  discusses  application  of  theory  for  a  wide  variety  of  particle  composition, 
size,  and  shape.  Tables  of  the  Mie  scattering  area  coefficient  a.e  given  in  [67-691. 

€.5.3.3.  Nonselective  Scattering.  Nonselective  scattering  oca  us  when  the  particle 
size  is  very  mucli  larger  than  the  radiation  wavelength. 

Large-particie  scattering  Is  composed  of  contributions  from  tires  processes  involved 
in  the  interaction  of  the  electromagnetic  radiation  with  the  scattering  particle:  (1) 
reflection  from  the  purtace  of  the  particle  with  no  penetration,  {2;  passage  through  the 
particle  with  and  without  internal  reflections,  nod  (2)  diffraction  at  the  edge  of  the 
particle.  Leferenceo  [70],  [71],  and  [72]  discuae  the  combined  effect  of  all  three 
processes,  including  the  interference  en  wintered  between  the  three  components,  and 
show  that,  for  particles  larger  than  about  2  times  the  wavelength  o  the  radiation 
(a  >  20),  the  scattering-area  coefficient  becomes  2,  which  is  the  -isymptotic  value  ap¬ 
proached  by  the  Mie  coefficient.  Thus,  the  theoretical  approach  through  diffraction, 
refraction,  and  reflo  ion  appears  to  have  little  conrib  ltion  to  the  more  general  ap¬ 
proach  of  Mie.  For  a  <  20,  the  Mie  theory  is  valid,  and  for  a  >  20  the  two  predictions 
converge  on  the  value  2.  A  generalized  treatment  of  scattering  considered  as  the  sum 
of  the  refracted,  diffracted,  and  reflected  components  is  given  in  [58]  and  [73]. 

6.5.4.  Scattering  Coefficient  Measurements.  Reliable  scattering -coefficient  data 
in  the  infrared  are  difficult  *o  obtain  because  of  the  contributions  cf  both  scattering  and 
selective  absorption  to  the  extinction  coefficient,  which  is  the  measured  experimental 
value.  The  piocedure  usually  followed  is  to  confine  the  measurements  to  wavelengths 
that  are  as  free  as  possible  from  absorption,  i  t.,  in  the  clearest  part  of  the  atmospheric 
windows  between  the  mayor  infrared  absorption  bands,  and  assume  that  the  extinction 
coefficient  measured  is  the  scattering  coefficient.  As  wavelength  increases,  however, 
it  becomes  virtually  impossible  to  find  regions  completely  free  of  absorption.  A  further 
assumption,  which  is  valid  tor  water  droplets,  is  that  absorption  by  the  scattering 
droplets  in  the  scattering  process  is  negligibly  small. 

Figures  6-2r  ,'hrough  6-30  show  scattering  coefficient  as  a  function  of  wavelength 
measured  ever  Chesapeake  Bay  [74],  These  curves  show  a  persistent  tendency  to 
flatten  out  pr  2  p,  which  cannot  be  explained  on  the  basis  of  uny  hypothetical  particle- 
size  distribution.  It  appears  that,  past  2  p,  an  appreciable  amount  of  absorption  by  the 
wings  of  the  atmospheric  absorption  bands  is  present  along  with  the  scattering.  There 
is  a  very  slight  tendency  for  the  curves  obtained  on  days  of  high  absolute  humidity  to 
flatten  out  more  rapidly  than  those  obtained  on  days  of  iow  humidity,  which  indicates 
that  the  principal  absorber  is  probaoly  water  vapor. 

Figure  6-31  is  the  scattering  coefficient  measured  over  a  27.7-km  path,  essentially 
horizontal,  at  !0,000-ft  elevation  between  two  mountain  peaks  on  the  Island  of  Hawaii 
[74],  The  atmosphere  was  usually  very  dear,  and  meteorological  ranges  of  about  200 
mi  were  common.  The  tendency  to  flatten  «ut  pact  2  u  ,s  again  evident.  For  com¬ 
parison,  the  values  measured  on  the  Nevada  desert,  another  clear  atmosphere,  are 
included  [75 j . 
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Fig.  6-28.  Scattering  coefficient  measu  ed  over  a  5.5-km  sea  leve!  maritime  path  [74). 


Figures  6-32  and  6-33  show  the  results  of  additional  scattering  measurements  over 
Chesapeake  Bay  [76],  Figure  6-32  contains  curves  of  eight  separate  measurements 
made  on  days  when  the  neteorological  range  extended  from  100  km  down  to  3  km. 
The  spread  in  points  for  the  clearer  days  is  attributable  to  severe  scintillation  (twinkle), 
which  is  normally  encountered  in  a  very  clear  atmosphere.  Twinkle  can  also  occur  in 
a  moist  atmosphere  but  is  usually  masked.  Figure  6-33  gives  data  for  various  meteoro¬ 
logical  ranges. 

Figure  6-34  gives  the  scattering  coefficients  of  a  hrize,  and  Fig.  6-35  gives  the  scat¬ 
tering  coefficient  and  optical  density  of  several  types  of  fogs  [38].  Optical  density,  D, 
and  scattering  coefficient,  <r,  are  re  lated  by  cr  =  2. 3D.  The  data  are  based  on  n.  ,re  than 
600  spectrophotorr.etric  curves  of  hazes  (optical  density  per  km  <  2),  small  drop  fogs 
(optical  density  per  km  <  10),  evolving  fogs  (changing  size-distribution  characteristics), 
and  selective  fogs  and  artificial  smokes.  The  data  indicate  that  stable  fogs,  with  a 
density/km  between  2  and  20,  exhibit  essentially  the  seme  opacity  at  all  wavelengths 
out  to  10  fi,  at  which  point  they  invariably  become  sensibly  more  transparent.  Evolving 
fogs  and  selective  fogs,  in  which  the  visible  density/km  again  coui  ange  from  2  to  20, 
showed  a  distinctly  declining  density  as  the  wavelength  increased. 

The  variation  of  scattering  coefficient  (visible)  with  height  up  to  10  km  is  shown  in 
Fig.  6-36. 
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Ftc.  6-29.  Scattering  coefficient  measured  over  a  16.25-km  sea-level  maritime  path. 
Curve  B  represents  a  typical  winter  day  condition  [74], 


Because  the  scattering  properties  of  the  atmosphere  can  vary  appreciably,  it  is  not 
possible  to  state  a  scattering  coefficient  that  will  permit  accurate  predictions  over  a 
wide  variety  of  conditions.  Howevei ,  a  relationship  frequently  used  is: 


«  =  ck->  (6-48) 

where  c  and  y  are  constants  determined  by  the  concentration  and  size-distribution 
values  for  the  aerosol,  and  X  is  the  wavelength  of  the  radiations.  If  y  =  4,  this  relath  n- 
ship  is  recognized  as  the  form  of  the  Rayleigh  coefficient.  Actually,  from  the  Mie 
theory,  y  =  4  for  very  small  particles,  y  =  2  for  a  particle  diameter  equal  fc'*  X;  y  -  1  for  a 
particle  diameter  equal  to  (3/2)X,  and  y  =  0  when  the  diameter  is  equal  to  2X. 

Considering  the  presence  of  the  atmospheric  gases  in  the  aerosol,  a  more  exact  form 
of  this  relationship  is  [77] 


cr  -  oX-M-oX  4  (6-49) 

where  the  second  term  accounts  for  the  scattering  by  the  Rayleigh  components.  In 
most  cases,  however,  the  second  term  is  considerably  less  than  the  first,  and  it  may  be 
neglected  for  practical  purpose  a. 
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Fig.  6-30.  Scattering  coefficient  measure.;  o  er  a  16. 25-1.  m  sea-level,  maritime  path. 
Curve  B  represents  a  typical  summer  day  condition  174], 


In  typical  real  atmostheres,  the  vaiue  cf  y  rr.ost  recommended  appears  to  De  very 
nearly  1.3  [78].  It  has  i^een  suggested  [79]  that  the  exponent  is  related  to  the  mete¬ 
orological  range  by  the  empirical  form. 

y  =  0.0585 (MR)'’3  (6-50) 

This  relationship,  and  various  experimental  data  [80,  81]  are  snown  in  Fig.  6-37. 
The  slopes  of  the  data  curves  from  Fig.  6-23  through  6-33  are  also  shown  to  give  an 
indication  of  the  slope  in  the  infrured.  The  points  are  widely  spread  and  significantly 
below  the  widely  accepted  value  of  1.3.  The  smaller  slopes  indicated  by  the  data  are 
undoubtedly  an-' her  manifestation  of  the  contamination  of  the  infrared  windows  by 
selective  absorption. 

6,6.  Atmospheric  Scintillation  [82] 

Scintillation  (boil,  shimmer,  twinkle)  is  the  variation  m  intensity  or  angular  distribu¬ 
tion  of  a  collimated  beam  of  radiation  as  a  result  of  inhomogeneities  in  the  atmospheric 
path  through  which  the  radiation  passes.  The  following  paragraphs  briefly  discuss 
these  variations  and  their  effects  on  optical  systems.  Detailed  discussions  of  •'cinti na¬ 
tion  theory  are  given  in  [58,  59,  82- 88  j . 


Fig.  6-31.  Scattering  coefficient  measured  ovc.  a  27  7  km  horizontal  pcth  at  3-kir. 
elevation  on  the  island  of  Hawaii  [74]  and  the  Nevada  desert  at  ground  level  [75j. 


6.6.1  Inhomogeneities  in  the  Atmo  there.  Consider  a  three-dimensional  pattern 
of  efractive  index  inhomogeneities  in  the  atmosphere  in  which  there  are  discrete 
pattern  elements  that  are  somewhat  spherical.  Also,  consider  more  or  less  continuous 
sheets  of  air  differing  in  refractive  index  from  the  average,  and  having  surface  ir¬ 
regularities.  Some  of  these  surface  irregularities  will  be  somewhat  hemispherical 
and  can  be  treated  as  discrete  elements  also.  In  some  cases,  the  interface  on  adjacent 
sides  of  a  sheet  will  b*1  plane,  but  rot  parallel. 

Although  the  interface  of  these  refractive  elements  may  or  may  not  be  somewhat  dif¬ 
fuse,  .he  transit  time  for  a  collimated  beam  through  a  refractive  element  of  lower  than 
average  refractive  index  will  be  shortened,  while  the  transit  time  for  the  a  beam  parsing 
through  a  refractive  element  of  higher  than  average  refractive  index  will  be  increa; 
Thus,  there  is  a  grouping  of  the  "transit  times”  for  the  ber  ms  having  passed  through  a 
small  cubical  volume  containing  a  single  refractive  element.  The  nature  or  distribu¬ 
tion  of  this  grouping  of  transit  times  is  comparable  to  the  distribution  of  trarrit  times 
for  beams  that  have  passed  through  a  similar  cubical  volume  containing  an  optical 
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Fig.  6-32.  Measured  values  of  scattering  coefficient  Fig.  6-33.  Measured  values  uf  scatter- 
ae  a  function  of  wavelength  at  different  times  (76).  ing  coefficient  grouped  according  to  me- 

terological  range  [76], 
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Fig  6-34.  Scattering  coeffi¬ 
cient  for  a  hfl7e  [381. 


Fig.  6-35.  Optical  density  of  fogs  1381. 
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Fig.  6-36.  Scattering  coefficient  as  a  function  of  height  for  a  variet\  of  con-  'ions  in 
clean  air. 


element  such  as  a  lens  or  prism.  Therefore,  the  shapes  of  the  wave  fronts  and  the 
angular  distributions  of  the  beams  tire  also  comparable.  To  the  extent  that  the  re¬ 
fractive  elements  are  in  reality  comparable  to  an  optical  element,  they  may  be  so 
treated  analytically. 

A  single  refractive  element  in  the  size  range  of  I  inch  to  1  foot  in  diameter  can  cause 
an  appreciable  change  in  the  angular  distribute-  of  radiation  in  a  portion  of  the  beam, 
resulting  in  a  marked  change  in  the  radiation  level  at  a  more  distant  point  in  the  beam. 
Further,  the  extent  of  the  change  in  the  angular  distribution  of  the  radiation  in  the 
beam  is  dependent  upon  the  sire,  shape,  and  refractive  index  differential  of  the  refractive 
element.  The  extent  of  change  in  the  radiation  level  at  a  more  distant  point  in  the 
beam  is  also  dependent,  however,  on  the  relative  location  of  the  refractive  elemei.v  in  the 
optical  path,  as  well  as  on.  the  total  path  length.  And  in  some  cases  where  diffraction 
is  predominant,  the  change  in  the  received  radiation  level  is  also  a  function  of  wave¬ 
length. 

6.6.2.  Image  Boil.  Consider  an  optica!  system  that  is  aimed  at  a  small,  dktant 
source.  /  -gion  of  refractive  index  inhomogeneities  causes  nonunifonnities  of  the 
angular  ur.-.itation  of  rays  within  c.  beam  of  radiation,  and  these  angular  nonun-formi- 
ties  lead  to  intensity  variations  in  the  plane  of  the  receiver  aperture.  It  follows  that 
these  nonuniformities  in  the  angular  orientation  of  rays  can  also  produce  deviations  in 
the  distribution  of  radiation  in  the  image  plane  of  the  optical  system.  As  a  result, 
the  very  small  image  produced  under  clear,  homogeneous  conditions  can  become 
spread  out  or  shifted  in  position  when  the  incident  angular  distribution  of  rays  becomes 
spread  out  or  shifted  in  direction.  This  effect  has  been  observed  photographically  and 
visually,  and  is  often  referred  to  in  the  literature  as  "image  boil  ” 

If  the  rays  incident  on  the  optical  system  are  all  deviated  a  like  amount  and  in  the 
sari'*  direction,  as  though  having  passed  through  a  prism,  the  image  of  the  source 
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Fio.  6-37.  Experimental  values  of  slope  of  scattering  coefficient  curves. 


retains  its  sni.  il  size  but  is  displaced  from  the  optical  axis.  Displacements  of  stellar 
images  of  as  much  as  5  to  10  seconds  of  arc  have  been  measured.  Displacements  of  as 
much  as  15  to  30  seconds  of  arc  can  be  expected  under  severe  ground-to-ground  condi¬ 
tions.  Because  of  the  erratic  motion  associated  with  the  observed  displacement  of  the 
image,  the  term  "image  jitter”  is  often  used  for  this  effect. 

6.6.3.  Enlargement  of  the  Image.  To  the  extent  that  tfte  rays  incident  on  an 
ontical  system  are  cither  dispersed  or  converged  symmetrically  about  the  d’~action  of 
tne  optical  axis,  the  image  of  the  small,  distant  sources  becomes  enlarged,  .he  same 
effect  would  result  if  a  lens  were  placed  on  the  optical  axis.  If  the  lens  were  positive, 
the  beam  would  become  more  convergent  and  form  a  small  image  in  front  of  the  focal 
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plane.  If  the  lens  were  negative,  the  beam  would  become  more  divergent  and  form  a 
small  image  behind  the  focal  plane.  In  both  cases,  the  image  in  the  focal  plane  weald 
be  spread.  The  amount,  of  "image  spread”  is  dependent  on  the  broadening  of  the 
angular  distribution  of  rays  that  are  incident  on  the  aperture  of  the  optical  system. 
This  broadening  is,  in  turn,  dependent  not  only  on  the  focal  length  of  the  lens,  but  on 
the  size  of  the  iens  in  relation  to  the  aperture  size  of  the  optical  system  and  on  the  dis¬ 
tance  between  the  lens  and  the  aperture.  Thus,  if  a  large  iens  were  placed  in  front  of 
the  optical  system,  oniy  the  center  (or  least  deviated  part)  of  the  bund  e  of  rays  would 
enter.  If  the  large  iens  were  positive  and  backed  off  from  the  optical  system,  a  larger 
portion  of  the  angularly  distributed  rays  would  enter  the  optical  system,  mcreasing 
the  size  of  the  image  in  the  focal  plane.  Conversely,  if  a  negative  lens  were  backed 
off  from  the  aperture,  a  smaller  poition  of  the  angularly  distributed  rays  would  enter 
the  opticai  system  and  the  size  of  the  focal  plane  image  would  decrease  and  become  more 
the  size  of  the  undisturbed  image. 

The  same  changes  in  focal-plane  image  sites  would  result  if  lenses  of  shorter  and 
longer  focal  lengths  were  placed  immediately  in  front  of  the  optical  system.  Thus, 
there  are  two  mechanisms  for  producing  image-size  changes  that  cannot  be  differen¬ 
tiated  directly.  There  is  a  difference  between  the  two  mechanisms,  however.  When 
the  focal  length  of  the  close-up  lens  is  changed,  there  is  no  accompanying  change  in 
the  total  radiation  in  the  optical  system;  when  the  large  lens  is  backed  off,  there  is  a 
change  in  the  total  received  radiation  because  a  greater  portion  of  the  large  positive 
lens  will  be  effective  in  collecting  radiated  energy  to  concentrate  onto  the  small  receiver 
aperture  as  the  lsns  is  backed  off  more.  Actually,  the  increase  in  total  received  rauiated 
energy  will  continue  until  one  of  the  following  occurs:  (1)  all  of  the  radiated  energy 
falling  on  th  •  lens  i*  converged  onto  the  receiver  aperture,  (2)  the  size  of  the  converged 
beam  is  limited  by  the  diffraction  pattern  of  the  lens,  (3)  the  lens  is  unable  to  form  an 
image.  For  the  negative  lens,  more  energy  will  be  diverted  from  the  aperture  of  the 
optical  3ystem  a*  the  lens  is  backed  off  a  greater  distance.  The  total  energy  in  this 
case  will  continue  to  decrease  until  the  negative  lens  reaches  the  midpoint  of  the 
optical  path,  or  until  diffrp'  *  around  the  lens  predominates. 

6.6.4.  Atmospheric  Scintillation  Measurements.  Data  on  stellar  scintillation  and 
scintillation  over  land  and  water  are  given  in  this  section.  The  data  are  typical,  and 
va'it  amounts  of  similar  data  are  given  in  the  references  cited.  Causes  of  scintillation 
ar.4  its  effects  on  optica)  systems  are  discussed  in  Sec.  6.6. 

Scintillation  measurements  can  be  expiessed  conveniently  in  terms  of  percent 
equivalent  sine  wave  modulation  per  unit  bandwidth,  which  is  defined  as 


M{%)  =  1  AlAEfiEde 


(6-61) 


where  _£/  —  average  noise  voltage  at  frequency  / 

Edc  —  average  dc  lev:- 1  of  the  signal 

Often,  the  average  percent  equivalent  sine  wave  modulation,  M(%) ,  is  plotted  to  keep 
the  figures  for  all  frequency  ranges  at  about  the  same  value.  The  average  value  in  a 
given  frequency  range  can  be  converted  to  root  mean  square  deviation  of  the  signal  in 
that  range  by  multiplying  it  by  the  square  root  of  the  frequency  interval  covered. 

The  frequency  range  of  scintillation  components  is  approximately  2.6  to  460  cps. 
To  simplify  scintillation  ineasurements,  this  frequency  range  can  be  broken  down 
into  subranges,  < 4.,  2.6  to  1^5  cps,  10  to  60  cps,  and  60  to  450  cps,  and  expressed  sa 
4/(<£)j.j-i*»,  and  4f(%)v-««. 


ATMOSPHERIC  SCINTILLATION 


215 


Scintillation  modulus  (mod),  which  is  sometimes  used  to  define  the  shape  of  the  curve, 
is  the  ratio  of  the  average  pe»  ent  equivalent  sine  wave  modulation  in  the  mid-frequency 
or  high-frequency  range  to  that  of  the  low-frequency  range. 


,  Af(%)|0  V) 

mod  io  so  -  = 

5-  !Oi 

(6-52) 

,  jW(91)m-44C 

mocLo  iij  —  — 

W  {%)t  5-10.5 


6.6.4.I.  Stellar  Scintillation  [83,  84],  Figure  6-38  shows  a  typical  plot  of  percent 
equivalent  sine  wave  modulation,  M(%),  versa*  frequency  (z  =  zenith  angle).  The  shape 
of  the  curve  can  be  characterized  by  the  rollover  and  crossover  frequencies.  The 
rollover  frequency  is  the  frequency  at  which  an  average  line  drawn  through  the  low- 
frequency  components  intersects*  with  an  average  line  drawn  through  the  mid-  and 
high-frequency  components.  The  crossover  frequency  is  the  frequency  at  which  the 
high-frequency  average  line  intersects  the  zero  axis.  Determination  of  the  rollover 
and  crossover  frequencies  depend?,  to  a  certain  extent,  on  the  manner  in  which  the 
scintillation  curves  are  plotted.  Figure  6-38,  and  subsequent  stellar  scintillation 
curves,  are  based  on  8  3m  i'log  plots, 


Diurnal  and  Seasonal  Variations  in  Stellar  Scintillation.  Figure  6-39  is  a 
comparison  of  daytime  and  nighttime  scintillation.  The  shape  of  the  daytime  rnd 
nighttime  curves  are  very  similar,  and  the  amount  of  scintillation  is  only  slightly 
greater  during  the  daytime. 
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Fig.  6-39.  Coi.i?jariK<n  of  Gaytime  to  nighttime  KtiUar  scintillatioo  [50]. 


Figure  6-40  shows  the  typical  seasonal  variation  of  stellar  scintillation.  Total 
scintillation  is  generally  greater  in  the  winter,  but  the  low-frequency  components  are 
greater  during  the  summer. 

of  Uppkk-Air  Wink  on  SiiruAK  Scintillation.  Stellar  scintillation 
appears  to  be  virtually  independent  of  surface  weather  conditions.  At  the  200-mb 
level  (approxim :  tely  40,000  ft),  however,  a  cci  relation  exists  between  the  shape  of  the 
scintillation  curve  ar.d  t  ie  wind  speed,  and  also  between  slit  orientation  and  wind 
direction. 


Fig.  6-40.  Comparison  of  winter  to  summer  stellar  scintillation  [59] 
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Figure  6  41  shows  the  relationship  between  v.ind  speed  and  the  shape  of  the  scintilla¬ 
tion  curve  at  the  200-mb  level.  Wind  speeds  aie  estimated  to  be  accurate  within  ±10 
knots.  The  data  in  Fig  6-41  were  obtained  using  a  12.5 -in  aperture,  but  the  correla¬ 
tion  is  valid  for  smaller  apertures  also. 

Figure  6-42  illustrates  the  conelation  betv/t  en  slit  orientation  and  wind  direction. 
The  dashed  lines  represent  deviations  of  ±20°,  which  are  estimates  of  the  probable 
error  in  reading  wind  directions  from  plc*ted  weather  maps. 


Fig.  6-41.  Reiatnn  oi'  scintillation  moduli  to  wind  speed  at  2G0-mb  level  for 
a  12.6-in.  aperture  (69], 


Fig.  6-42.  Correlation  of  slit  position  for  minimum  200-cps 
scintillation  compe  tent  with  winu  direction  at  200-mb  ■avel  ! 59 J. 
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Effects  of  Zenith  Distance  on  Stellar  Scintillation.  Stellar  scintiliati  jp  is 
greater  near  the  horizon  than  it  is  overhead.  It  is  dufcult  to  precisely  describe  this 
effect,  however,  because  the  manner  in  which  scintillation  varies  with  the  secant  of  the 
zenith  angle  depends  greatly  upon  aperture  size,  the  fr:  quency  range  under  considera¬ 
tion,  and  meteorological  factors.  The  latter  complicate  the  determination  of  zenith 
distance  considerably.  __ 

Figures  6-;.’,  and  6-44  show  A/(%)*.j-i0j»  and  M(%),alal  ivrsua  log  sec  Z,  respectively, 
for  a  12-in.  aperture,  the  same  data  for  a  3 -in.  aperture  are  shown  in  Fig.  6-45  and 
6-46.  No  meaningful  data  are  available  for  the  mid-frequency  scintillation  range 
(10  to  50  cps)  and  the  high-frequency  range  (50  to  450  cps)  because  of  the  very  strong 
meteorological  affeds  at  these  frequencies 

Table  6-5  gives  approximate  functional  relationships  between  M (%)  and  sec  Z  of 
the  form  a(sec  Z)1  for  various  aperture  sizes.  The  values  given  in  the  table  represent  a 
firs‘-order  attempt  to  describe  the  effect  of  zenith  distance  on  scintillation  ir  that 
wind- velocity  effects  are  neglected 

Effects  of  Aperture  Size  on  Stellas  .TcirrriLLAnoN.  Figure  6-47  shows  the 
genert’  manner  in  which  tne  scintillation  curve  changes  with  aperture  size.  The 
ratio  of  scintillation  at  various  apeuure  sizes  to  scintillation  for  a  12.5  in.  aperture 
is  given  in  Fig.  6-48.  In  both  curves,  rhe  relationship  between  scintillation  and  aper¬ 
ture  is  for  low  wind  velocity.  The  combined  effects  of  both  wind  velocity  arid  zenith 
distance  upon  the  ratio  of  the  amount  of  scintillation  for  a  3-in.  aperture  and  the  amount 
for  a  *2.5  in.  aperture  is  shown  in  Fig.  6-49  ana  £-50. 
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Fra.  R-43.  Variation  of  iow-frequency  similar  scintillation  with 
■  distance  ‘or  12.5-in.  aperture  (59! 
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log  sec  Z 

Fig.  6-44.  Variation  of  stellar  scintillation  over  all  frequencies 
with  zenith  distance  for  12.5-in.  aperture  159]. 
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Fig.  6-45.  Variation  of  low-frequency  stellar  scintillation  with 
zenith  distance  for  3-in.  aoerture  1591. 
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Fjg.  6-46.  Variation  of  stellar  scintillation  over  all  frequencies 
with  lenith  distance  for  3-in.  aperture  159]. 


Tabl*  6-5.  Functional  Relationships  between  Average 
Equivalent  Sins  Wave  Modulation  and  Zenith  Distance  [831. 
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Fig.  6-47.  Variation  of  scintillation  curve  with  aperture  159]. 


Fig.  6-48.  Relationship  between  amount  of  stellar  scintillation  for  various 
aperture  sizes  expressed  in  terms  of  scintillation  from  12.5-in.  aperture  [59]. 
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Fig.  6-49.  Effect  of  zenith  distance  upon  ratio  of  the  low-frequency  scintilla¬ 
tion  components  for  3-in.  aperture  to  a  12-in.  aperture  for  different  wind 
velocities  at  200  mb  (59). 


sec  Z 


Fig.  6-50.  Effect  of  zenith  distance  upon  the  ratio  of  the  sc.ntillation 
taken  over  all  frequencies  for  a  3-in.  to  a  12.5-in.  aperture  for  different 
wind  velocities  at  200  mb  [591. 
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6.6.1. 2.  Scintillation  Over  Water  [85,  86]. 

Seasonal  Variations.  Figure  6-51  shows  seasonal  variations  of  atmospheric  scintil¬ 
lation  over  water  along  a  17,750-yd  path.  The  data  were  obtained  w  ith  a  12-iii.  search¬ 
light  mounted  30  ft  above  the  water  and  a  24-in.  optical  leceiver  mounted  109  ft  above 
tiie  water.  The  values  of  percent  equivalent  sine  wave  modulation,  M{%),  shown  in 
Fig  6-51,  are  average  j  for  each  month.  The  air  temperatu.  js  are  also  average  values 
for  each  month,  based  on  readings  obtained  at  both  ends  of  the  transmission  path. 

Effects  of  Receiver  Collector  Area.  Figure  6-52  shows  representative  frequency 
spectrum  curves  for  four  different  receiver  collector  areas.  Tie  manner  ;n  which 
scintillation  varies  with  receiver  collector  area  is  shown  in  Fig.  6-53.  The  data  are 
based  on  measurements  ovei  water  along  a  4400-yd  path.  The  transmi  *ing  source 
was  mounted  appre  ■  im  jtely  18  ft  a  bo-  _•  ti.r  water  and  the  receiver  approximately  109 
ft  above  the  water. 

Effects  of  Source  Area.  Figure  6-54  srowe  representative  frequency-spectrum 
curves  for  four  different  source  areas.  The  effective  area  of  each  lamp  source  is  approxi¬ 
mately  2.8  in.1,  and  the  angle  subtended  by  each  lamp  is  approximately  2.2  seconds  of 
arc.  Figure  6-55  shows  the  manner  in  which  total  scintillation  varies  with  source 
area.  The  data  in  both  illustrations  were  measured  ov*..  vater  along  a  4400-yd  path. 
The  transmitting  source  was  mounted  approximately  18  ft.  above  the  water  end  the 
receiver  approximately  109  ft  above  the  water. 

The  amount  of  scintillation  decreases  as  the  number  of  source  lamps  (and,  consequent¬ 
ly,  the  area  of  the  source)  increase.  However,  the  physical  distribution  and  orientation 
of  the  source  lamps  with  respect  to  each  other  appear  to  have  little  effect  on  the  amount 
of  scintillation. 

6.6.4.S.  Scintillation  Over  Land  [87], 

Diurnal  Variations.  Figure  6-53  shows  typical  diurnal  variations  in  the  amount 
of  scintillation  over  a  grass  surface  on  a  clear  day.  The  data  were  determined  at  the 
mid-latitudes  near  the  solar  equinox.  This  pattern  of  daily  variations  is  subject  to 
many  influences,  but  it  will  retain  tbo  general  relationship  to  solar  elevation. 

Effects  ok  Temperature  and  Wind  on  Scintillation  Over  Land.  In  general,  the 
amount  of  scintillation  is  proportional  to  the  absolute  magnitude  of  temperature 
change  with  height,  although  its  characteristics  depend  upon  whether  temperature 
increases  or  decreases  with  height. 

(a)  For  temperature  decreasing  markedly  with  height  (an  unstable  atmosphere), 
the  typical  condition  on  a  cloudless  day  (except  over  snow  surfaces),  scintillation  in¬ 
creases  rapidly  with  increases  in  temperature  gradient  but  slowly  with  increase  in 
wind  speed  for  winds  less  than  10  mph.  Therefore,  under  unstable  conditions,  scintil¬ 
lation  is  dependent  on  temperature  gradient  to  a  greater  degree  than  on  wind  speed 
(Fig.  6-57a). 

ib)  For  temperature  increasing  markedly  with  height  (a  stable  atmosphere),  the 
typical  condition  on  r  cloudless  night,  scintillation  increases  slowly  with  increases  in 
temperature  gradie>..  but  rapidly  with  increases  in  wind  speed  for  winds  up  to  3  or 
4  mph.  Therefore,  under  stable  conditions  scintillation  is  dependent  to  a  greater 
degree  on  wind  speed  than  on  thv  temperature  gradient  (Fig.  6-57 b). 

(c)  For  adiabatic  or  near-adiabatic  conditions,  t  decrease  in  temperature  of  about 
0.01oC  per  meter  (a  neutral  atmosphere),  scintillation  is  at  a  minimum  or  is  absent, 
irrespective  of  wind. 
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Fig.  6-51.  Seasonal  variation  of  atmo- 
apheric  scintillation  over  a  water  path  [62], 
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Fig  6-52.  Scintillation  us.  frequency 
measured  over  water  [62]. 
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Fig.  6-63.  Scintillation  us.  receiver  collector 
area  measured  over  water  [62]. 
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Fig  6-54.  Amount  of  scintillation  over 
water  vs.  frequency  for  various  source 
areas  (62], 
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Fig.  6-55.  Scintillation  vs.  source 
area  measured  over  water  [62J. 
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Fig.  6-66.  Diumai  cycle  of  scintil¬ 
lation  over  a  grass  surface  [83]. 
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INCREASING  MECHANICAL  TURtsULENCE 

Fig.  6-57.  Percent  modulation  as  e 
function  cf  temperature  difference 
And  wind  speed  (temperature  dif¬ 
ference  between  0.5-m  height;  wind 
speed  measured  at  2-m  height)  [&'•]. 
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Figure  6-58  shows  the  effects  of  an  unstable?,  a  stable,  and  a  neutral  atmosphere  on 
the  frequency  of  atmospheric  scintillation.  Three  distinct  conditions  are  illustrated: 
(1)  midaftemoon,  with  strong  lapse  conditions  following  the  tune  of  maximum  heating 
of  the  ground;  (2)  the  sunset  period,  during  which  the  air  is  close  to  neutral  equilibrium; 
(3)  at  night,  after  an  inversion  has  formed  because  of  surface  cooling 


Fig.  6-68.  Effects  of  a  stable,  unstable,  and  neutral 
atmosphere  on  atmospheric  scintillation  over  a  grass 
surface  [83], 


6.7.  Solar'  Spectrum  Measurements 

A  solar  spectrum  is  a  transmission  spectrum  of  the  earth’s  atmosphere  in  which 
the  sun  is  used  as  the  source  of  radiarinn.  Many  Fraunhofer  linen  are  observed  in  the 
visihV  and  ultraviolet  portions  of  the  solar  spectrum.  In  the  infrared,  however,  very 
few  Fraunhofer  lines  are  present  and  the  sun  emits  approximately  as  a  uniform  6000°K 
blackbody  Spectral  details  observed  in  the  infrared  solar  spectrum  are  almoet  entirely 
due  to  the  absorption  of  solar  radiation  by  the  molecules  present  in  the  earth’s  atmos¬ 
phere. 

The  length  of  an  absorption  path  through  the  atmosphere  is  dependent  upon  the 
elevation  of  the  sun  in  the  sky.  Thus,  when  the  sun  is  at  the  zenith,  the  3olar  radiation 
traverses  one  air  mass  of  atmosphere  At  any  other  angle  from  the  zenith,  called  tl  i 
solar  altitude  or  zenith  distance,  the  radiation  traverses  longer  paths  through  the 
atmosphere. 

Table  6-6  gives  the  equivalent  air  mass  for  a  sea-level  observer  as  the  solar  altitude 
var.28  from  0°  to  90°  (89].  To  obtain  the  same  type  of  table  for  an  observer  at  a  dif¬ 
ferent  reference  altitude,  multiply  the  values  in  Table  6-G  by  the  ratio  of  the  pressure 
at  the  new  reference  level  to  that  at  sea  level.  This  approximation  holds  well  up  to 
85°  angles  and  100-km  altitude. 

Figure  6  59  shows  a  low-resolution  solar  spectrum  for  the  region  from  1  to  approxi¬ 
mately  35  p.  The  other  curves  show  the  position  and  approximate  relative  intensities 
oi  the  infrared  absorption  bands  for  various  molecules  in  the  atmosphere. 

A  number  of  high-resolution  measurements  of  the  solar  spectrum  have  been  made 
[90-103].  Figures  6-60  through  6-74  show  the  spectrum  from  approximately  2.80  to 
14.2  p  [90-93].  The  measurements  were  made  from  the  Jungiraujoch,  Switzerland, 
at  an  altitude  of  approximately  12,000  ft.  Figures  in  the  references  contain  more  detail. 

In  the  region  from  2.80  to  3.15  u  (Fig.  6-60)  the  absorption  is  due  mainly  to  H*0. 
although  lines  of  a  band  13(o,,  centered  at  2.854  p,  v,  +  v-  of  N20,  centered  at  2.87  p, 
and  2vj  4-  of  NsO,  centered  at  2.97  p.  are  present.  In  the  region  of  3.15  to  3.50  p 
(Fig.  6-61),  the  strong  fundamental  band  ij  of  CH«,  centered  at  3  31  p,  is  present.  The 
remair.’ng  absorption  is  due  to  the  weaker  2vt  band  of  HzO 
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Table  6-5.  Equivalent  Air  Masses  for  Solar  Altitudes  0°  to  90°° 


0° 

1° 

2C 

3° 

4° 

5° 

6e 

7° 

8° 

O 

0° 

— 

26.96 

19.79 

15.36 

12.44 

10.40 

8.90 

7.77 
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6.18 
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*60 

5.12 

4.72 

4.37 

4.08 
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3.39 
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»  on 
Z..C7V 
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2.65 

2.55 
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2.36 

2.27 
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1.94 
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1.74 
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1.66 
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1.55 
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1.41 
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1.32 
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1.30 
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1.00 

— 

— 

— 

— 

— 

— 

— 

— 

— 

‘Entries  in  the  table  ore  t>.  3  air  masses  for  the  angles  indicated  down  the  left  and  across  the 
For  example  the  air  mass  for  22*  elevation  is  2.65 


0  " 

100 

• 

• 

0 

0 

~s~ 

100 

r~  1 

/ - 

CH4 

0 

100 

~"T^T 

i!,° 

0" 

100 

- r — 

3 

f 

-1 _  1  -  i - 1 -  A - » - 

0 

10c 

-nR 

.  1.  .1 

lr 

—  — w  YV 

\  C02 
»  ^ - L 

ir 

100 

Y 

HDO 

0 

10c 

my .  \ .  / 

h2o 

0 

100! 

1 A  A 

A _ * _ Jl A 

n 

/  W  S013-1" 

1  /•N^Spectrum 

18.000  3000  2000. 16001400  1 200  1000  900  800  700  cm1, 

1  2  3  4  5  e  7  g  9  10  11  12  1)  II  IS  u 


Fig.  6-59.  Low- resolution  solar  spectrum  from  1  to  24  p. 


SOLAR  SPECTRUM  MEASUREMENTS  229 

From  3.50  to  3.85  pi  (Fig.  6-62),  many  strong  line  of  the  v,  fundamental  band  of 
HDO  are  present,  in  additio?  to  some  CH<  absorption  '.v  s+  v4  at  3.55  pi)  and  a  weak 
NjO  combination  band  (i>i  +  v3  at  3.57  pi).  The  0-branch  of  the  HDO  band  appears 
as  a  weak  cluster  of  lines  near  3.67  /a.  All  lines  marked  x  in  Fig.  6-62  are  due  to  HDO. 

The  region  from  3.35  to  4  20  pi  (Fig.  6-63)  contain  2»n  of  N20  at  3  91  pi  and  !■,  +  2i>j 
of  N20  at  4.06  pi  It  also  contains  the  v3  fundamental  of  C02,  beginning  at  4.13  -i 

Virtually  complete  absorption  by  C02  occurs  in  the  region  from  4.19  pi  (Fig.  6-63) 
to  4.45  pi  (Fig.  6-64).  From  4.43  to  1.48  pi  are  some  nigh-J  lines  in  the  P-branch  of 
i>3  of  13C02,  centered  at  4.38  pi.  The  intense  v-  fundamental  band  of  N20  is  at  4.4S  it, 
with  a  weaker  band  +  »»••)  —  v>  of  N20  centered  near  4.52  pi.. 

Near  4.66  pi  (Fig.  6-64)  is  the  fundamental  band  of  CO.  Circles  above  the  lines  in 
iFig.  6-64)  i  dicate  CO  transitions  of  solar  origin  The  jsorption  at  approximately 
4.7  pi  is  due  to  ozone.  The  ozone  absorption  lines  are  indicated  by  circles  below  the 
spectrum.  H20  absorption  lines  bet  veen  about  4.64  and  4.63  pi  are  indicated  by  H. 

A  weak  C02  band  is  present  near  4.8  pi  (Fig.  6-65)  and  a  very  weak  C02  band  near 
5.2  pi  (Fig,  6-66).  Beyond  about  5  2  pi,  there  is  strong  absorption  from  the  edge  of  the 
vi  fundamental  band  of  H20  which  is  centered  at  6.2  pi.  Absorption  by  water  vapor  is 
complete  between  5.5  and  5.9  pi  From  6.9  to  7.65  pi  (Fig.  6-67),  the  primary  absorption 
is  th^  edge  of  the  6.2 -pi  H20  band,  although  absorption  due  to  the  vibrational-rotation 
band  of  OH*,  centered  at  7,65  pi,  is  present.  The  region  between  7.65  pi  (Fig.  6-68)  and 
9.0  pi  (Fig.  6-69)  possesses  relatively  high  transmission,  except  for  the  overtone  band 
2v,  of  N20  centered  at  8.56  pi. 

Figure  6-70  shows  very  intense  absorption  due  to  the  vz  band  of  03  centered  at  9.60  pi. 
The  very  faint  structure  observe4  between  8.90  pi  (Fig.  6-69)  and  9.15  pi  (Fig.  6-70)  iB 
due  to  the  very  weak  v\  band  of  0.,. 

The  »-.i  —  2vi  difference  band  of  C02,  centered  at  9.4  pi,  is  also  shown  in  Fig.  6-70.  In 
a  difference  band,  the  individual  absorption  line  is  not  caused  by  a  quantum  transition 
from  the  ground  state  of  the  molecule  to  an  excited  level  but  rather  to  a  transition  from 
an  excited  level  to  a  higher  excited  le  vel.  Because  the  intensity  of  an  absorption  line 
depends  very  strongly  on  the  population  of  the  energy  level  from  which  the  transition 
originates,  and  since  this  population  decrease  ’  as  temper:  ture  decreases,  difference 
bands  fade  out  very  rapidly  as  temperature  decreases.  Thus,  a  band  3uch  as  the  9.40-m 
C02  band,  although  it  may  cause  rignificant  absorption  near  ground  level  where  the 
ambient  temperature  may  be  30QU',  may  have  very  little  intensity  near  100,000  fl 
where  the  temperature  is  about  200’K. 

The  region  fm-m  9.75  to  10.6  pi  (Fig.  6-71)  shows  more  of  the  structure  of  the  9.6-^. 
ozone  band.  It  also  shows  another  difference  band  of'C02,  v3  —  vt,  centered  at  10.4  pi 

Relatively  high  transmission  is  present  in  the  region  from  12.2  to  13  25  pi  (Fig.  6-72 
and  6-73).  Figure  6-73  shows  a  C02  difference  band,  r-i  -  r2,  centered  near  13.2  pi  and  a 
much  weaker  C02  difference  band,  (in  +  v2)  —  2^,  centered  near  12.6  pi. 

Figure  6-74  shows  more  of  the  structure  of  the  vx  —  i>i  difference  band  of  C02  and, 
starting  near  13.7  pi,  the  absorption  by  the  very  intense  r2  fundamental  band  of  C02. 
Absorption  by  this  band  is  complete  to  about  17  pi. 
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Wavelength 


Fig.  6-60.  Solar  spectrum  from  2.80  to  3.15  p.  (lowest  curve); 
laboratory  spectrum  of  HjO  (top  curve);  laboratory  spectrum  of 
NjO  (middle  curve). 


Wavelength 


r''G.  6-61.  Solar  spectrum  from  3.15  to  3  50  p.  (lower  curve),  l&buiaiory  spectrum  of  CH« 
upper  curve). 
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Wavelength 


Fig.  P-62.  Solar  spectrum  3.50  to  3.85  /x  .lower  curve);  labor,  'cry  spectrum  of  CH4  (lower 
curve). 
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Fig  »>-o3  S?lar  spectrum  from  3.85  to  4.19  p  (iowi,.  curve);  laboratory  spectrum  of  N;0 
(upper  curve). 


Fig.  6-64.  Solar  spectrum  from  4.43  to  4.73  j*.  Absorption  structure  by  «’Cj,  N,0,  and  COj 
are  shown  schematically. 
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Fig.  6-65  The  solar  spectrum  from  t.70  to  5.11  fx. 
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Fig.  6-68.  Solar  spectrum  from  7.65  to  8.35  p  (lower  curve);  laboratory  spectrum  of  CH, 
(upper  curve);  absorption  structure  of  NiO  indicated  schematically. 
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Fig  6-69.  Solar  spectrum  from  8.35  to  9.03  fi.  Abaorption  structure  of  NjO  initceted 
schematically. 
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Fic.  6-70.  Solar  spectrum  from  9.03  to  9.73  n.  Absorption  structu/e  of  CO,  indicated 
schematically. 
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Fig.  6-71.  Solar  spectrum  from  9.72  to  10.7  p..  Absorption  spectra  of  CO,  indicated 
schematically. 
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Fio.  6-72.  Solar  spect.um  from  10.7  to  12.2  fi.  Absorption  structure  of  C02  inuicated 
schematically. 


Wavel»ngttj 


Fig.  6-73.  Solar  spectrum  from  12.2  to  13  3  Absorption  structure  for  COi  indicated 
schematically. 
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Pig  (>-74.  Solar  spectrum  from  13.25  to  14.2  /*.  Absorption  structure  of  CO,  indicated 
schematically. 


6.8.  Total  Abnorption  (Laboratory  Measurement*})  [104-  >07] 

Total  absorption  data  provide  a  means  to  predict  ah"  r~  ‘;on  for  known  paths  through 
known  absorbing  g&3es  and  to  test  the  validity  c'  u.wOnes  uescribing  absorption  phe¬ 
nomena.  The  total  absorption  of  an  absorption  band  is  the  area  under  the  curve 
obtained  when  the  fractional  absorption  at  a  given  frequency  is  plotted  against  fre¬ 
quency.  Usually  the  integral 

j  A(v)dv 

•'"i 

is  called  the  total  absorption  >f  an  absorption  band,  defined  by  the  limits  and  e*,  and 
is  expressed  in  frequency  unite.  Sometimes,  however,  the  integral  is  referred  to  as  the 
equivalent  bandwidth  of  the  absorption  because  the  same  integral  can  be  considered  as 
applying  to  an  equivalent  bam’,  having  complete  absorption  over  a  frequency  interval 


Ak  = 


A(v)  d.v 


The  former  definition  is  useci  in  this  Bection. 

Data  presented  in  this  section  show  the  functional  relationship  between  total  absorp¬ 
tion  JA(f)di'  and  absorber  concentration  w,  partial  pressure  of  the  absorbing  gas  p, 
total  pressure  P,  which  includes  the  partial  pressure  of  absorbing  and  nonabsorbing 
gases,  and  the  absolute  temperature  of  the  gas  T.  This  relationship  is  expressed  as 

r* 

I  A(i’)dv  =  4>(u>,p.  P,  T) 

■'"I 

and  is  described  for  various  wavelength  regions  of  high  characteristic  absorption 
The  data  were  measured  using  multiple  traversal  cells  containing  absorbing  gas  the 
partial  pressure  of  which  could  be  varied.  High-altifc.de  conditions  were  simulated  by 
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proper  vacua  by  adding  broadening  gases  such  as  nitrogen  and  oxygen  to  the  cell. 
Ptith  lengths  from  1.5  to  48  m  were  achieved  by  successive  reflections  of  radiation  back 
and  forth  through  the  cell. 

8.8.1.  Total  Absorption  by  COi.  Strong  absorption  by  C02  exists  in  the  2.7-/* 
(3660-cm~‘)  region,  the  4.3-/*  (2350-cm  ')  region,  and  the  region  between  11.4  /*  (875 
cm-1)  and  20  /*  (495  cm  ').  Weaker  absorption  bands  are  present  at  1.4  /*  (6975  cm  '), 
1.6  /*  (6230  cm  ■),  2.0  »*  (4983  cnr‘),  4.8  /*  (2075  cm1),  5.2  ,*  (1930  cm1),  9.4  /*  (1064 
cm  '),  and  1C.4  /*  (961  cm1).  In  the  figures  that  follow,  PF  ~  equivalent  pressure  as 
used  by  Burch  and  coworkers,  and  P  is  total  pressure. 

6.8. 1.1.  Tlie  2.7-/*  (3660-cm  ')  l  egion.  The  COi  absorption  in  the  2.7  /*  region  is 
caused  primarily  by  two  strong  absorption  bands,  the  2r?  +  w3  band  centered  at  2.77  /* 
(3609  cm1)  and  the  v.  +  os  band  centered  at  2.69  /*  (3716  cm1).  Total  absorption  for 
the  2.77 -/*  (3609-cm1)  band  is  shown  in  Fig.  6-75,  and  total  absorption  for  the  2.69-/* 
band  (3716  cm1)  band  in  Fig.  6-76.  Total  absorption  for  the  entire  2.7-/*  (3660  cm1) 


F’C.  6-75  Total  absorption  vs.  absorber  concentration 
of  the  2Jl-n  (3609-cm1)  CO*  band. 


Fig.  6-76.  Total  absorption  of.  absorber  concentration  for 
‘he  2.69-**  (3716-cm  •)  COt  band. 
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Fig.  6-77.  Total  absorption  us.  absorber  concentration  for  the  2.7 -n  t36ta)-cm  ')  CO. 
region  (2.77 -/x  band  f  2.69-/1  hand). 

region,  i.e.,  the  2.11 -n  (3609 -cm  :)  band  plus  the  2.69 -p.  (3716-cm  ')  band,  is  shown  in 
Fig.  6-77.  For  a  total  absorption  of  more  than  3  cm  ',  the  curves  in  ail  of  the  illustra¬ 
tions  are  estimated  to  be  accurate  within  ±5%;  between  3  and  10  cm  ’,  the  estimated 
accuracy  is  ±10%.  For  total  absorption  values  less  than  3  cm  ’,  the  estimated  accuracy 
is  ±20%. 

6.8.I.2.  The  4.3-p  (2350-cm*1),  4.8 -p  (2075-cm1),  and  5.2-p  (1530-cm  ')  Bands. 
The  4.3-p  (2360-crn1)  CO?  band  causes  almost  complete  absorption  between  about 
4.19  p  (2386  cm  ')  and  4.45  p  (2250  cm  ’).  Total  absorption  curves,  which  are  inti¬ 
mated  to  be  accurate  within  ±5%  above  10  cm1  total  absorption,  ±10%  between  3  and 
10  cm  1  total  absorption,  and  20%  below  3  cm-1  total  absorption,  are  shown  in  Fig.  6-78. 

Total  absorption  curves  for  the  4.8-p  (2075-cm1)  and  the  5.2-p  (l?30-cm  ')  band  are 
shown  in  Fig.  6-79  and  6-80,  respectively.  These  bends  are  very  weak  and  are  sig¬ 
nificant  only  for  high  values  of  absorber  concentration. 


w  (atm  cm) 

Fig.  6-78.  Total  absorption  vs.  absorber  concentration  for  the  4.3-p  <2350-cm  '!  CO,  band. 
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Fig.  6-79  Total  absorption  vs  absorbc 
concentration  for  the  4.8-p.  (2075-cm  !)  COt 
band. 


*•  (atm  cm) 

Fig.  6-81.  Total  absorption  vs.  absorber 
concentration  for  the  9.4-fi  (1064 -cm  -) 
COj  band. 


Fig.  6-30.  Total  absorption  vs.  abror'^r 
concentration  for  the  5.2-p  (1930-cm  ')  \'  'J. 
band. 


Fig.  6-82.  Total  absorption  vs.  abeorber 
^ncentration  for  the  10.4- /i  (96! -.m-*) 
CO»  band. 


6.8.1.3.  The  9.4-p.  (1064-cm  •)  and  10.4-p.  (961-cm  ')  Bands.  Total  absorption  of 
the  weak  CO*  bands  at  9.4  p.  (1064  cm'1)  and  10.4  n  (961  ci..-’)  are  shown  in  F’g.  6-81 
and  6-82,  respectively.  Total  absorption  of  these  bands  is  strongly  dependent  upon 
temperature;  thus,  values  of  total  absorption  are  temperature  corrected.  The  curves 
shown  in  Fig.  6-81  and  6-82  are  for  a  temperature  of  26  C,  and  are  estimated  to  be  accu¬ 
rate  within  ±5%  for  more  than  10-cnrr!  total  absorption  greater  than  10  cm1,  ±10% 
between  3  and  10-cm  1  total  absorption,  and  ±20%  below  3  cm'1  total  absorption. 

The  temperature  dependence  of  both  bands  is  illustrated  in  Fig.  6-83.  From  the 
curves,  it  can  be  seen  that  total  absorption  increases  with  temperature. 

6.6.1.4.  The  1.4-p.  (7150-cm  '),  1.6-p.  (6250-cm1/,  and  2.0-p.  (5000-cm  ')  Bands. 

Total  absorption  of  the  very  weak  CO*  bands  at  1.4  n  (7150  cm-1),  1.6  (6250  cm  ') 

and  2.0  fi  (5000  cm  ‘)  are  shown  in  Fig.  6-84  through  6-86.  The  band  at  1.6  p.  (6250 
cm  ')  is  actually  a  group  of  very  weak  bands  centered  at  1.645  n  (6077  cm  1.604  ^ 
(6231  cm  ').  1  574  p.  (6351  cm  '),  and  1.536  n  (6510  cm-1).  The  CGj  band  near  2  n 
(5000  cm  ')  consists  primarily  of  t?  ree  weak  absorption  bands  centered  at  2.057  n 
(4861  cm-'),  2.006  n  (4983.5  cnr1),  and  1.957  n  (5109  cm  '). 
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Fig.  6-83.  Effects  of  temperature  on 
total  absorption  for  the  9.4-^t  !1064- 
cm  ; )  and  10.4-p  (961-cm  'iCOibe.nds. 
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Fig.  6-84.  Total  absorption  vs  absorber 
concentration  for  th?  1.4 -p.  (7150-cm  ') 
COi  hand. 


Fig.  6-85.  Total  absorption  vs.  absorber 
concentration  for  the  1.6 -p  i6250-cm  ') 
COj  band. 


Fig.  6-86.  Total  absorption  vs. 
absorber  concentration  for  the 
2-p  (5000-cm  '(COjband. 
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6.8.1. 5.  The  11.4-pi  (875-c.n  ')  to  20-p.  (495-crr  ')  Region.  The~e  are  several  strong 
and  medium  C02  absorption  bands  in  the  spectral  region  between  11.4  u  (875  cm 
and  20  n  (495  cm  '),  the  ..trongest  of  which  is  centered  at  14.9  /lx  (667  cm  *).  Because 
of  the  wide  spectral  region  covered  in  this  section,  the  spectra'  region  is  divided  into 
smaller  s’'biegions,  and  absorber  concentration  is  plotted  against  mean  fraction  ab¬ 
sorption  rather  then  against  total  absorption,  which  usually  refers  to  an  entire  band. 
Total  absorption  /A(v)dv  of  an  entire  band  is  independent  of  spectral  slit  width,  pro¬ 
vided  that  there  is  no  absorption  beyond  the  limits  of  integration.  It  follows  that  the 
total  absorption  of  a  subregion  will  be  independent  of  spectral  slit  width  if  the  sub- 
regions  are  divided  «>  frequencies  where  the  absorption  is  zero.  Practically,  however, 
no  frequencies  exist  where  the  absorption  is  zero,  and  optimum  frequencies,  i.e.,  fre¬ 
quencies  at  which  absorption  is  very  slight,  are  chosen  to  divide  the  subregions. 

Mean  fractional  absorption  is  '  elated  to  total  absorption  by  the  following  equation: 

1  f* 

—  U")  =  - - A(v)  dv  (6-53) 

(v2  Cl  >  ' 


which  represents  the  mean  fractional  absorption  in  the  spectral  region  v ,  —  v2. 

Figures  6  87  through  6-91  shew  mean  fractional  absorption  for  each  of  the  five 
subregions  o"  the  11.4-/X  (875-cm  ')  to  20.2  a  (495-cm  ')  C02  region  The  curves  are 
based  upon  a  temperature  of  26°C,  and  are  estimated  to  be  accurate  within  ±5%  for  a 
mean  fractional  absorption  gieate.  than  0.10cm  ‘.and  increase  to  approximately  ±20% 
for  smaller  values  of  total  absorption. 

The  effect  of  temperature  on  mean  fractional  absorption  is  shown  in  Fig.  6-92  for 
four  of  the  five  subregions.  No  data  are  available  for  the  fifth  subregion,  which  ex¬ 
tends  from  18.3  /x  (545  cm  ‘)  to  20  /x  (495  cm  ').  From  the  curves  in  Fig.  6-92,  it  can 
be  seen  that  mean  fractional  absorption  increases  with  temperature. 


l.Of 


Fig.  6-87.  Mean  fractional  absorption  t*.  ataorber  concentration  for  U  4-j/  (875  cm  ') 
to  '3  9-m  (720-cm  ’>  COj  band. 
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i'lG.  6-91  Mean  fractional  a'oeorptio.i  vs  absorber 
concentration  for  the  18.3-m  (546-cm  ')  to  20 -fi  (495- 
cm  ■')  COt  band. 


Fig.  6.92.  Effect*  of  temperature  on  mean  fractional  ab- 
•orp-ion  of  CC;  flrvi  11.4  y,  (875  cm'1)  to  18.3  p  (545  cm  '). 


6.8.2.  Total  Absorption  by  H*0  [106,  107].  Total  absorption  of  the  6.27-jt  (1595- 
cn  '),  0,70-p.  (3700-cnr'),  and  1.37-ji  (5332~cm!)  H*0  bends  are  shown  in  Fig  6-93 
thiungh  6-95.  The  absorption  in  the  2.70-jx  region  is  caua^d  primarily  by  two  absorp¬ 
tion  bap  da  with  centers  at  2.73  n  (3657  cm  ')  and  2  66  n  (3756  cm'1).  The  curves  in 
Fig.  6-93  through  6-95  a-e  estimated  to  be  accurate  within  ±6%. 

V  .oor  HjO  Absorption  bands  at  3.2  p  (3150  cm  *),  1 .38  ^  (7250  cm  '),  .  (8807 

cm  r,  and  0>-.  i  (10,613  cm  *)  are  shown  in  Fig.  6-96  through  6-99.  The&c  curves 
are  eri  mated  to  be  accurate  within  about  ±10%. 
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Fig.  6-96.  Total  absorption  us.  absorber  con¬ 
centration  for  the  3.2-u  OlSO-cm-1'  H»0  band. 
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Fig.  6-97.  Total  absorption  w.  abscrber  concentration  for  the  1.38-ji  (7250-cm  •)  H,0  band. 
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Fig.  6-98.  Total  absorption  us. 
absoioer  concentration  foi  the 
1  1-n  t8807-cm  M  H.O  and 


Fig.  6-99.  Total  absorption  us. 
absorber  concentration  for  the 
0.94-^:  (10,163-cm  *)  HtO  band. 


6.3.3.  Total  Absorption  by  N20  (106,  107].  Figure  6-100  chows  total  absorption 
as  a  function  of  abeorber  concentration  and  equivalent  pressure  for  the  u3  fundamental 
band  of  N2G  centered  at  4.L  /x  (2224  cnr1).  This  band  occurs  in  the  atmospheric 
window  between  the  strong  4.3 -p.  (2350-cm  ')  C02  band  and  the  6.2-p  (1595-cm  ’) 
HjO  band.  Thus,  it  gives  rise  to  the  major  portion  of  the  atmospheric  absorption  in 
the  4. 3-6. 2 -p  window.  ?t  is  estinited  that  the  accuracy  of  the  total  absorption  values 
given  in  Fig.  6-100  is  witl  i  ±5%  below  10  cm  !  total  absorption  and  within  ±5%  above 
10  cm  1  totai  absorption. 

Figures  6- 101  through  6-105  show  total  absorption  of  N20  in  the  3.9-p  (2563-cm  1 1, 
4.95-p  (2461-cm  '),  7.7-p  (1285-cm  '),  F  6-p  (1167  cm- '),  and  '.7.1-p  (£89  cm  ')  bands. 
These  curves  show  total  absorption  vithin  an  estimated  accuracy  of  ±5%  shove  a  total 
absorption  of  30  cm;  uelow  30  cnr1,  the  accuracy  is  somewhat  less. 


Fig.  6-101.  Total  absorption  vs.  absorber  concentration 
for  the  3.9-m  (2563-cm  ')  NjO  banc 


Fig  6-102.  Total  absorption  vs.  absorber  concentration 
(or  the  4. 05-/1  (2461-cm  ’)  NiO  band. 


TOTAL  ABSORPTION  (LABORATORY  MEASUREMENTS) 


249 


Fig.  6-105.  Total  absorption  va.  abaci  tier  concentration  for  the  17.1-#*  '^89-cm  ') 
N,0  band. 


6.8.4.  Total  Absorption  by  CO.  Total  absorption  of  the  4.6-#*  (2143-cm  ')  CO  band 
is  shown  in  Fig.  6-106.  The  data  are  estimated  to  be  accurate  within  ±5%  above 
10-cm-!  total  aiworption  and  within  ±10%  below  10-cur  '  tot*!  absorption. 

Figure  6-107  shows  total  absorption  for  the  2.3-p  (4260-cnr ')  CO  band.  The  curves 
in  Fig.  6-107  do  not  represent  ready  as  wide  a  range  of  absorber  concentration  and 
equivalent  pressure  as  those  of  Fig.  6- '.36  because  the  largest  values  of  equivalent 
pressure  were  not  sufficiently  large,  nor  the  smallest  values  of  absorber  concentration 
sufficiently  small,  to  produo  complete  absorption  over  the  bands.  By  comparing  Fig. 
6-106  and  6-107,  however,  it  can  be  seen  that,  at  any  given  equivalent  pressure,  the  total 


w  (aim  cm) 

Fm  6-106  Total  abacrpton  e».  absorption  concentration  for  the  4.C-#*  (2143-cin-1)  CO  band. 
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Fig.  6-107.  Total  absorption  i>a.  absorber  concentration 
for  the  2. 3-/i  (4260-cm~:)  CO  band. 


absorption  of  the  4.6 -/a  (2143-cnr1)  band  is  very  nearly  the  same  as  that  of  the  2.3-p. 
(4260-cm-1)  band  at  the  same  equivalent  pressure  but  with  the  value  of  the  absorber 
concentration  1.50  times  as  great.  Thus,  since  the  line  shape,  line  spacing,  and  relative 
line  strength  within  the  bands  are  similar,  the  total  absorption  of  the  weaker  over¬ 
tone  band  (Fig.  6-107)  can  probably  be  determined  from  the  curves  of  the  fund. _ ental 

band  (Fig.  6-106)  by  use  of  the  same  value  if  equivalent  pressure  and  a  value  of  ab¬ 
sorber  concentration  that  is  1/150  that  >f  tne  absorber  whose  total  absorption  is  being 
measured. 

5.8.5.  Total  Absorption  by  CH<  Figure  6-108  shows  the  total  absorption  of  the 
3.31-/X  (3020-cm  ‘)  CH«  band.  The  values  of  total  absorption  are  estimated  to  be  ac¬ 
curate  within  ±5%  above  10-cm  1  total  absorption  and  within  ±10%  below  10-cm~:  total 
absorption. 


Fic.  6-108.  Total  absorption  vs.  abeorber  concentration  for  the  3  3-/i  (3020-cm  ')  CH<  band. 
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Figures  6-109  and  6-110  show  the  total  absorption  of  the  7.6-*i  (1306-^ti  ')  CH4band 
and  the  6.5-*t  (1550-cm  ')  CH<  band,  respectively.  Actually,  absorption  by  the  7.6-*i 
(1306-cm  ■')  band  overlaps  the  absorption  bv  the  6.f-,u  (1550-cm  ')  band  for  high  ab¬ 
sorber  concentrations.  The  estimated  accuracy  of  the  total  absorption  given  for  the 
7.6-^i  (1306-vm  ')  band  (Fig.  6-199i  is  the  same  as  that  for  the  3.31-p  (3020-cm  ') 
band  (Fig.  6-108).  Because  of  overlapping  by  water  vapor,  however,  the  curves  for  the 
6.5 -fi  (1550-cm  ')  band  (Fig.  6-110)  are  estimated  to  be  accurate  to  no  better  than 
±10%  for  total  absorption  values  greater  than  about  30  cm*1  and  ±20%  for  total  absorp¬ 
tion  values  less  than  about  50  cm-1. 


Fig.  6-109.  Total  absorption  os.  abaoroer  concentration  for  the  7  6- /r  (1306-cm  ')  CH»  band. 


Fig.  6-110.  Total  hbaorption  vs.  abeorber  con¬ 
centration  for  the-  6.5-*.  (1550-cm  ')  CH,  band. 
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6.9.  Infrared  Transmission  Through  the  Atmosphere 

6.9.1  Horizontal  Paths  [108].  Sea  level  transmission  measurements  over  path) 
of  0.3,  5.5,  and  16.25  km  are  shown  in  Fig.  6-111  through  6  119.  The  0.3-km  path 
measurements  covei  the  spectral  range  from  approximately  0.5  to  26  p.  with  a  resolution 
ranging  from  1  to  2  wave  numbers  in  the  regions  beyond  2  fj..  The  5.5-  and  16.5-km 
paths  cover  the  spectral  range  from  approximately  0.5  to  15  fi  with  an  average  re¬ 
solving  power,  X/AX,  of  about  300. 

Tranr  '  ^ion  measurements  at  10,000  ft  over  a  path  of  27.25  km  are  shown  in 
Fig.  6-)  d  6-121.  The  spectral  range  from  approximately  0.5  to  15  fi  is  covered 
with  ar  >ge  resolving  power,  X/Ax,  of  about  300. 

"Selt  .  vindow  transmission”  from  0.94  to  15  fx  is  shown  in  Fig.  6-122.  A  window 
is  a  reg.on  of  relatively  higii  transmission  between  absorption  bands  (Table  6-7). 
For  a  given  window,  transmission  is  the  ratio  of  the  energy  that  actually  penetrates 
the  atmosphere  between  the  limits  of  the  window  to  the  energy  that  would  be  received  in 
the  absence  of  any  selective  absorbers  Thus,  it  accounts  for  only  selective  absorption, 
ard  does  not  take  scattering  losses  into  consideration. 

The  dashed  lines  in  Fig.  6  122  r  ;reoent  the  slope  of  the  approximate  transmission 
curves  described  in  [109], 

Windows  I  and  IX  (Table  6-7)  are  not  plotted  because  window  1  s  only  slightly  de¬ 
pendent  on  water-vapor  concentration  and  window  IX  becomes  essentially  oppque 
through  only  5  or  6  mm  of  water  vapor. 


0.6  0.8  1.0  1.2  l.S  1.6 

WAVELENGTH  (n) 


1.3  2.0  2.2  2,-i  2.6  2.8 


WAVELENGTH  (u) 

Fig.  6-111.  Atmospheric  transmission  at  sea  level  over  a  0.3-km  path, 
0.5  to  28  a  (1081. 
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Fig.  6-112.  Atmospheric  transmission  at  sea  ieve)  over  a  0.3  km  path, 
3.0  to  516.5  m  [103] 
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Fig.  6-113.  Atmospheric  tran  mission  at  sea  levH  over  a  0.3-km  path, 
5.5  to  8.5  m  [108], 
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Fig.  6-114.  Atmospheric  transmission  at  sea  level  over  a  0.3-km  path, 
8.5  to  14.0  m  [1081. 


Fig.  6-115.  Atmospheric  transmission  at  sea  k-  n!  over  a  0.3-km  path, 
15  to  25m  [1081 
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Fic.  6-116.  Atmospheric  transmission  at  sea  level  over  5.6-  and  16.25-km  paths, 
0.5  to  4.0  m  [108], 
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Fig.  6-117.  Atmospheric  transmission  at  e*a  level 
over  5.5-  and  16  25-km  pains,  4.5  to  5.5  p.  (108) 
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Fig.  6-118.  Atmospheric  transmission  at 
sea  level  over  5.5-  and  16.25-km  paths,  8.0 
to  14  p.  [108]. 
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Fig.  6-120.  Atmospheric  transmission  at  10, COO  ft  over  a  27.7-km  path 
when  0.55- /a  transmission  iB  26.5%  [108]. 


no.  6.121.  Atmospheric  traMmi.»,on  «  10.000  ft  over  .  27.7-km  p.tn 
when  0,55-m  transmission  is  41%  [109]. 
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Fig.  6  122.  Selective-window  tranami^eion  (109). 
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Table  6-7.  Atmopphiric  Window  Definition  [109], 


Window 

No. 

Wavelength  l  imits 

(n) 

Window 

No. 

Wavelength  Limits 

(*) 

I 

0.72  to  0.94 

VI 

2.70  to  4  .30 

II 

0.94  in  1.13 

VII 

4  30  to  6.00 

III 

1.13  vo  1.38 

VHI 

6.00  to  15.00 

IV 

1.38  to  1.90 

IX 

15.00  to  25.00 

V 

1.90  to  2.70 

C. 9.1.1.  Infrared.  Radjfxion  Through  Clouds  [110].  Clouds  become  increasingly 
transparent  to  infrared  radiation  as  wavelength  is  increased.  The  optical  density  or 
"thickness”  of  a  cloud  is  approximately  inversely  proportional  to  its  visibility. 

Figures  o-123  through  6-127  show  cloud  attenuation  of  infrared  radiation  as  a  func¬ 
tion  of  visibility  at  an  altitude  of  2500  ft.  These  data  were  obtained  by  viewing  an 
infrared  source  with  a  detector  at  various  ranges  and  measuring  the  change  in  energy 
viewed  by  '.he  detector  when  the  measuring  path  was  obscured  by  deads  of  various 
measur-d  densities.  The  optical  density  of  a  cloud  was  measured  by  determining  the 
r '  xinnan  range  at  which  a  "maximum  contrast”  object  could  be  discerned  in  a  given 
cloud.  Figures  6-123  through  6-127  relate  attenuation  m  "thickness  of  cloud,”  and 
the  results  do  .lot  necessarily  apply  to  the  various  types  of  clouds  encountered  at  dif¬ 
ferent  altitudes. 


10 

ATTENUATION 


Fio,  6-123.  Cloud  attenuation  vs.  cloud  visibility,  130  yd  measuring  range 
(PbS  detector)  11101. 
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Fig.  6-124.  Cloud  attenuation  is.  cloud  visibility,  40  yd  measuring 
range  (PbS  detector)  [110]. 


ATTENUATION 

Fio.  6-125.  Cloud  attenuation  y».  cloud  visibility,  « 0  yd  measuring 
range  (PbSe  detector)  [110) 
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AT1ENUATION 


Fio  6-126.  Cloud  attenuation  vs.  cloud  visibility,  130  yd  measuring 
range  ("  *Te  detector)  [110]. 
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Fig.  6-127.  Cloud  attenuation  vt.  cloud  visibility,  40  yd  measuring 
range  (PbTe  detector)  [1101. 
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6.9.2.  Slant  Paths.  Few  quantitative  data  Rre  available  on  infrared  transmission 
over  slant  paths.  The  transmission  must  generally  be  predicted  on  the  basis  of  various 
theoretical  calculations  discussed  in  this  section. 

Both  pressure  and  temperature  vary  along  most  slant  paths  through  the  atmosphere 
The  half-width  of  vhe  spectral  lines  varies  with  pressure  according  to  Eq.  (6-3).  Both 
the  half-width  and  intensity  of  th'*  spectral  lines  vary  with  temperature.  In  addition, 
the  concentration  of  the  absorbing  gases  may  vary  along  a  slant  path.  Because  of 
these  factors  it  follows  that  the  equations  for  3lant  path  absorptance  must  necessarily 
be  more  complex  than  the  corresponding  homogeneous  path  equations. 

The  mass  of  absorbing  gas  per  unit  area  along  a  slant  path  is 


u  —  j  pa< 


(6-54) 


where  pa  is  the  density  of  the  absorbing  gas 

t  is  the  length  of  the  path  measured  along  the  direction  of  the  path. 

Reference  [111]  describes  elaborate  calculations  for  the  determination  of  the  amount 
of  gas  along  a  slant  path.  From  Fig.  6-128,  an  equivalent  sea-ievel  path  can  be  obtained 
for  any  gas  that  is  uniformly  distributed  in  the  atmosphere,  such  as  CO*,  NiO,  CH<, 
or  CO.  The  quantity  dh  ie  the  equivalent  path  a*  t? a  level  .or  a  horizontal  path  1  km 
long  at  -.ne  indicated  altitude.  The  quantity  d„  is  the  equivalent  path  at  sea  level  for  a 
vertical  pat1  /...  the  indicated  altitude  to  infinity. 

It  is  necessary  to  assume  a  curve  for  the  variation  of  HjO  concentration  with  height 
in  order  to  obtain  equivalent  paths  for  this  gas.  In  [111],  a  dry  stratosphere  with  a 
constant  mixing  ratio  in  the  stratosphere  is  assumed.  There  is  no  agreement  at  the 
present  time  between  those  who  favor  this  distribution  and  those  who  favor  a  wet 
stratosphere  (Sec.  6.1.5  2).  Figure  6-129  gives  equivalent  centimeters  of  precipitable 
water  vapor  corrected  to  sea  level  for  a  1-km  horizontal  path  (u-v,'  at  the  indicated 
altitude  and  for  a  vertical  path  (w»)  from  the  indicated  altitude  to  infinity.  [Ill] 
The  absorptance  along  a  slant  path  is  given  by 


A  A v==  j  |^1  —  —  J"  fot'du'jjrh' 


(6  55) 


The  coefficient  is  given  by  Eq.  (6-2),  (6-4),  or  (6-6).  There  are  two  methods  for  the 
solution  of  this  problem.  In  the  first  method,  analytical  solutions  are  obtain©!  for 
Eq.  (6-53)  under  various  conditions.  In  the  second  method,  equivalent  path  lengths 
and  pressures  are  obtained  for  a  horizontal  peth  so  that  its  absorptance  is  the  same  as 
that  along  the  slant  path  of  interest. 

6.9.2.I.  Analytical  Solutions.  When  the  nonoverlapping  line  approximation  is 
valid  (Sec.  6,4.3),  an  exact  expression  can  be  obtained  for  absorptance  over  a  slant 
path  when  the  absorbing  gas  is  uniformly  mixed  throughout  the  atmosphere  and  the 
temperature  variation  is  small  enough  so  that  it  can  be  neglected.  The  absorptance 
over  a  slant  path  at  an  angle  0  with  the  vertical  is  [112] 


A  Av  —  2?ra1'y 


Pr-Az) 


(6-56) 


where  z 
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ALTITUDE  (km) 

Flu.  6-128.  Equivalent  sea- level  path  length  for  any  gas  uniformly 
distributed  in  the  atmosphere,  eg.,  COi,  N.O,  CH<,  CO  [111]. 


ac  and  ai  are  the  half-widths  of  the  spectra!  lines  at  the  beginning  and  end  of  the  slant 
path,  Co  is  the  fractional  concentration  of  the  uniformly  mixed  absorbing  gets,  and  Py(z ) 
is  the  Legendre  function  of  order  y.  Equation  (6-56)  is  for  a  srngle  line,  but  the  ab- 
sorptance  values  for  any  number  of  differc"*  lines  cm  be  ;  dded  when  they  do  not  over¬ 
lap.  The  parameter  y  is  similar  for  slant  paths  to  x  for  homogeneous  paths.  The 
absorptance  varies  linearly  with  y  when  y  >  >  \  end  as  yui  v»hen  y  >  >  1. 

When  y  is  an  integer,  Eq.  (6-56)  can  be  written  as  a  polynomial  in  z.  For  example, 
when  y  —  1 ,  the  absorptance  is 


A  iiv  —  ira  i 


(6-57) 


An  exact  expression  fer  the  absorptance  of  an  Elsasoor  band  can  be  obtained  [1.12] 
if  the  same  assumptions  are  made  a&  for  the  derivation  of  Eq.  (3-56). 
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The  absorptance  by  a  statistical  bard  (Sec.  6.3.2)  is  still  ^iven  by  Eq.  (6-21)  or  (6-22) 
when  A,i,n  is  interpreted  to  be  the  slant-path  absorptancj  of  a  single  spectral  line  over 
the  frequency  interval  D.  Thus,  the  absorptance  by  a  statistical  band  can  be  obtained 
immediately  when  any  expression  for  the  absorptance  of  a  single  line  is  derived.  The 
previous  expressions  for  the  random  Eisasser  (Gee.  6.3.3)  and  quasirai.dom  iSec.  6.3.1) 
models  can  be  generalized  in  similar  ways. 

The  changing  mixing  ratio  of  water  vapor  over  long  si'  nt  paths  must  be  taken  into 
account.  It  is  still  possible  to  obtain  analytic  °xpres8ions  for  the  absorptance  which 
converge  rapidly  in  most  cases  of  practical  interev .  This  case  is  discussed  in  detail 
in  [113]  and  [114]. 

6.9.2.2.  Correspondence  Between  Slant  and  Homogeneous  Paths.  When  the  weak- 
’ine  approximation  is  valid,  a  homogeneous  path  with  an  amount  of  absorbing  gas 
un  and  at  a  temperature  such  that  the  individual  line  intensities  are  So,,  has  the  same 
value  of  the  absorptance  as  a  slant  path  when  [113,  114] 
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n  v  p 

£  Sl-  X  $  («*';  *w'  (6-58) 

l-l  (-1  '0 

(lie  'itegrul  in  this  equal:  >n  is  taken  along  the  slant  path  with  the  amount  of  absorbing 
gas  u  taken  as  the  independent  variable.  In  general,  the  line  intensity  Si  varies  along 
th^  slant  path  because  the  temperature  v;»  -ies  along  the  path.  This  result  is  valid  for 
any  line  shape  regardless  of  whether  the  line  is  pressure  broadened.  It  is  also  valid 
fer  any  distribution  of  spectral  line  intensities  and  for  any  varia  ;un  in  the  spacing 
between  adjacent  spectral  liner  The  temperature  and  absorber  concentration  may 
vary  in  any  prescribed  manner  along  the  slRiit  path.  The  pressure  does  not  need  to 
be  specified  as  long  as  the  weak-line  approximation  (Sec.  6.4.1)  is  valid. 

When  the  temperature  variation  of  the  line  intensities  .S,  can  he  neg,ected  along  tlie 
slant  path,  Eq.  (6-58)  reduces  to  the  very  simple  form 


uh  —  u  (S- 50) 

When  the  strong-line  approximation  (Sec.  6.4.2)  U  valid,  and  when  the  te  mperature 
variation  of  *he  line  intensities  must  be  taken  into  account,  a  useful  result  can  only  be 
obtained  when  the  temperature  variation  of  all  the  spectral  lines  in  the  interval  can  be 
represented  by  a  single  function,  5(E),  so  that 

s,=S‘h.('n  (s-60) 

Since  the  temperature  variations  in  the  atmosphere  are  not  too  large,  this  equation  can 

usually  be  satisfied  with  sufficient  accuracy.  Then,  the  absorptance  along  a  slant  path 
is  the  same  as  that  u,i  <%  homogeneous  path  whose  pressure,  p»,  path  length,  a*,  and 
temperature  7*,  satisfy  [  113,  114] 

PkUkTk  1/1  =  f*  s(T)p  7,"l/*  du'  (6-6!) 

Jo 

The  only  assumptions  jt.de  in  the  derivation  of  this  equation  are  that  the  strong  line 
approximation  is  valid,  that  there  is  a  pressure-broadened  half-width,  and  that  the 
temperature  variation  of  the  line  intensities  can  be  represented  by  Eq  (6-60).  Equa¬ 
tion  (6-61)  is  valid  for  any  variation  of  the  line  intensities,  half-widths,  and  spacing 
between  {.he  lines  within  4he  spectral  interval. 

If,  in  audition,  the  temperature  variation  along  the  slant  path  can  be  neglected  and 
this  temperature  is  the  same  as  that  along  the  homogeneous  path,  then  s(T)  =  1  and  Eq. 
(6-61)  simplifies  to  [113.  114] 


PkUk  = 


(6-62) 


If  the  absorbing  gas  is  also  distributed  umlbrndy  ftioug  ihe  iani  path,  and  if  there 
is  the  same  amount  cf  absorbing  yo-  r.lcrg  tfi  j  homogeneous  and  slant  paths,  Eq.  (6-62) 
reduce.!  io  [113,  1.14] 


(,■>0  + 


(f-03) 


where  p*  and  p,  are  the  values  of  the  pressure  at  the  two  ends  cf  the  sinnt  path. 
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If  the  variation  with  height  of  the  fractional  concentration  of  a  gau  such  as  water 
vapor  can  be  written  as  some  power  of  the  pressure 

e  =  Co  f--Y  (6-64) 


where  c0  is  the  fractional  concentration  when  the  pressure  is  p0  and  l  is  any  number, 
then  [113] 


Co  sec  6  ,  .  .  ... 

•"-■(I?  V1"  R  '  <»«> 

where  g  is  the  acceleration  of  gravity. 

This  method  of  obtaining  the  absorption  along  a  slant  path  from  homogeneous  path 
data  is  discussed  in  detail  in  [113, 114].  Reference  [115]  gives  slant-path  absorption 
from  laboratory  data,  using  th  3  equations  as  a  basis  for  calculations.  Appropriate 
equivalent  sea-leve'  atha  for  various  slant  paths  were  first  calculated,  and  then 
applied  to  laboratory  ebaorption  measurements. 

An  important  approximate  expression,  which  is  valid  over  a  wide  range  of  premure 
and  path  length,  can  be  obtained  for  slant-path  absorption  by  combining  the  weak-line 
anJ  strong-line  methods  of  determining  slant-path  absorption  from  homogeneous  path 
data.  Wher.  the  weak-line  approximation  is  valid,  a  value  of  ua  is  determined  from 
Eq.  (6-58),  which  determines  the  appropriate  path  length  for  the  homogeneous  path. 
On  the  o*her  hand,  a  value  of  the  product  p.a*  is  determined  from  Eq.  (6-61),  (6-62), 
(J-63),  and  (6-65),  when  the  strong-line  approximation  is  valid. 

If  is  possible  to  satisfy  simultaneously  any  pair  of  these  weak-  and  strong-line  equa¬ 
tions,  since  the  weak-line  equation  determines  the  value  of  u„  and  the  strong-line 
equation  can  then  be  solved  for  p».  These  results  y  then  be  substituted  into  any 
equation  which  has  been  derived,  or  used  in  ootyunction  with  any  table  of  mer.;<urod  or 
calculated  values  of  absorptance  along  a  homogeneous  path.  The  slant-path  absorp- 
tance  calculated  in  this  manner  necessarily  agrees  with  the  correct  result  in  both  the 
weak-  and  strong-line  limits.  In  the  intermediate  region  where  both  the  weak-  and 
strong-line  approximations  may  be  somewhat  in  error,  the  result  derived  in  this  manner 
provide  a  smooth  interpolation  between  the  absorptance  curves  that  are  valid  in  the 
weak-  and  strong-line  limits  In  general,  tne  value  obtained  "ora  this  interp.  ation 
method  is  very  close  to  the  actual  value  for  the  slant-path  absorptance. 

As  an  example  of  this  method,  when  Eq.  (6-58)  and  (6-61)  are  com'ji&ed  it  is  found  that 

»  f" 

2  s“*“' 

m  J* 

u*  = - * -  (6-66) 
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and 


7V*  2  f 

P>  - - -  (6-67) 
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When  these  values  are  substituted  into  any  expression  for  the  absorptance  along  a 
homogeneous  path,  the  resulting  equation  for  the  absorptance  is  necessarily  correct 
for  a  slant  path  in  bot  the  weak-  and  strong-line  limits. 

A  more  complete  discussion  of  possible  combinations  of  weak-  end  strong-line  expres¬ 
sions  and  their  use  with  various  equations  for  the  abcorptance  along  a  homogeneous 
path  is  given  in  [1 13].  This  method  is  a  generalize  lion  of  the  interpolation  procedure 
described  in  [116]  and  ['17]. 

A  number  of  calculation  of  slant-path  cbsorptances  over  various  regions  of  the  spec¬ 
trum  have  been  made.  Those  first  described  in  [115J  are  discussed  earlier  in  this 
section 

Reference  [118]  gives  the  transmissivity  along  a  vertical  path  from  a  given  altitude 
to  the  top  of  the  atmosphere.  The  data  are  based  on  the  equivalent  sea-level  pams 
given  i  reference  [1 15].  The  calculations  apply  only  to  CO*  and  H20  absorption  from 
2  to  5  pi. 

Inference  [111]  contains  graphs  of  equivalent  sea-level  paths  for  the  various  ab¬ 
sorbing  gases,  vapors,  and  haze  which  may  be  encountered  along  an  atmospheric  path. 
The  absorptivity  calculations  are  based  on  laboratory  data  and  assume  the  1959  ARDC 
model  atmosphere.  However,  methodr  for  corrector  the  results  for  vario.  3  other 
conditions  are  given.  The  absorptivity  of  all  important  gases  is  considered  from  1  to 
20  pi  and  the  H*0  data  is  extended  out  to  4  mm. 

Reference  [119]  gives  slant-path  absorptivities  for  H*0  and  CO*  from  1  to  10.8  u. 
Tables  are  given  for  computing  the  CO*  and  £!*0  amounts  u’ong  the  line  of  sight  and  the 
equivalent  pressures  to  be  used  for  the  absorptivity  calculations.  Attempts  are  made 
to  fit  each  •  avelength  interval  by  the  absorption  model  which  represent  oest  the  data 
for  that  interval.  Reference  [1-0],  from  the  transmission  models  for  H*0  and  CO* 
given  in  [119],  presents  simplified  methods  for  determining  equivalent  paths.  The 
effect  of  a  curved  earth  is  taken  into  account  The  results  are  expressed  in  terms  of 
three  constants  for  CO*  and  one  constant  for  H*0,  which  are  tabulated  at  various 
wavelengths. 

A  study  of  the  absorption  in  the  2.7-pi  region  of  H*0  and  CO*,  with  simplified  band 
models,  is  described  in  [121].  An  empirical  expression  to  fit  the  Elsasser  band  model 
to  the  4.3-pi  CO*  band  is  discussed  in  [122].  The  slant-path  transmission  is  calculated 
by  dividing  the  atmosphere  into  small  layers  and  applying  Lambert’s  law  to  each  layer 
starting  from  the  top  of  the  atmosphere. 

A  detailed  calculation  of  the  transmissivity  from  the  top  of  the  atmosphere  down  to 
certain  altitudes  end  at  a  number  of  augles  to  the  vertical  is  given  in  [123] .  Equations 
similar  to  <6-66)  and  (6-67)  have  been  used  to  correlate  the  appropriate  quantities  for 
slant  and  homogeneous  pa' he.  The  calculations  are  based  on  the  transmissivity  tables 
described  in  [56]  and  [67].  The  transmissivity  is  given  for  each  6-cm~‘  interval  from 
500  to  10, YX)  cm-1  for  CO2  and  from  1000  to  10,000  cm'1  for  H*0. 

6.10.  Calculation  Procedures 

Previous  sections  of  this  chapter  have  discussed  ir.  detail  the  different  aspects  of  he 
earth’s  atmosphere  as  related  to  atmospheric  transmission.  In  order  to  determ -ne  he 
transmissivity  for  a  spec slant  path  one  must  first  determine  the  equivalent  sea  lave! 
path  for  the  absorber  of  interest.  The  second  step  is  to  find  an  absorption  coefficient 
wnich  is  characteristic  of  the  wavelength  or  the  wavelength  interval  under  considera¬ 
tion.  This  can  be  carried  out  by  using  the  figures  presented  in  this  chapter  o;  by  meas¬ 
ured  coefficients  given  by  Howaru,  Burch,  and  Williams  [107],  The  final  step  in 
determining  path  transmissivity  is  to  select  the  functional  relation  between  transmis¬ 
sivity  and  the  product  of  the  absorption  coefficient  and  the  reduced  optical  path  which 
best  suits  the  slant  peth  under  consideration. 
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The  most  tedious  part  of  this  process  is  the  determination  of  the  equivalent  sea-level 
path.  In  general  the  integral  relation 


(£) 


(6-68) 


must  '  "luated  along  the  atmospheric  path  for  the  specific  set  of  atr  ospheric  condi¬ 
tions.  .  e  q{x)  is  the  mixing  ratio  along  the  slant  path;  p  is  the  pressure  along  the 
slant  pa,.*.,  T{x )  is  the  temperature  along  the  slant  patn;  rix)  is  the  density  of  air  along 
the  slant  path;  m  and  n  refer  to  the  power  of  the  temperature  and  pressure  correct  ,on  for 
line  half-width.  For  high  accuracy  this  relation  is  best  evaluated  by  digital  computer; 
however,  Carpenter  and  Altschuler  have  each  developed  graphical  techniques  which 
apply  with  reasonable  aec  racy  for  a  standard  model  atmosphere.  Carpenter  s  proce¬ 
dure  will  he  given  here. 

Adopting  Carpenter’s  notation,  h,  is  the  source  altitude,  hd  is  the  detector  altitude, 
Xf  is  the  ground  range  between  sou  x  and  detector,  and  ha  is  the  minimum  slant-path 
altitude.  L  i3  evident,  as  shown  in  Fig.  6-130,  that  the  atmospheric  paths  can  be  sep¬ 
arated  irto  two  types.  A  and  B  Suppose  the  slant  path  were  extended  indefinitely  in 


Flo.  6-130.  Optica)  ray  path*. 
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both  directions.  If  it  then  intersected  the  earth,  it  would  be  of  type  fl;  otherwise  it 
might  considered  to  be  of  type  A,  which  is  horizontal. 

STEP  1 

Usually  h„  hd,  and  xg  are  the  known  geometric  parameters  of  the  slant  path.  The 
first  step  is  to  determine  for  a  given  slant  path  whether  the  slant  path  is  of  type  A  or 
type  B  Figure  6-131  is  used  for  this  purpose,  and  a  trial-and-error  procedure  should 
be  carried  out. 

To  determine  whether  a  path  is  of  type  A  (the  horizontal  class)  a  series  of  very  long 
horizontal  paths  has  been  constructed  (Fig.  6-131).  Such  paths  might  be  referred  to  as 
fundamental  horizontal  paths.  Any  slant  path  of  type  A  will  be  a  segment  of  one  of  the 
illustrated  paths.  Note  that  each  fundamental  path  is  uniquely  sp°cified  by  its  mini  ■ 
mum  altitude  ho.  Therefore  if  one  wishes  to  determine  whether  a  given  slant  path  is  of 
type  A  or  8,  two  horizontal  lines  v/ould  be  drawn  on  Fig.  6-131  with  the  first  at  the  alti¬ 
tude  of  the  source  and  the  second  at  the  altitude  of  the  receiver.  These  horizontal  lines 
will  intersect  many  of  the  fundamental  paths.  If  one  of  the  intersected  paths  has 
approximately  the  appropriate  ground  distance,  then  this  fundamental  path  contains  as 
a  segment  the  slant  path  of  interest.  Fr~m  the  intersection  of  the  horizontal  lines  with 
the  fundamental  path  the  specific  elevation  angles  at  the  source  point  and  receiver 
point  can  be  read  together  with  the  corresponding  value  of  ka  for  the  path. 

From  Fig  6-133  it  can  be  seen  that  point  Q  mav  or  may  not  be  a  part  of  the  desired 
slant  path.  If  point  Q  does  r.ot  fall  on  the  slant  path  but  the  path  is  of  type  A,  the  path- 
determination  procedure  is  as  described  above,  if  point  Q  falls  within  the  slant  path 
then  it  should  be  realized  that  Fig.  6-131  is  symmetric  about  the  ordinate  axis.  Under 
this  condition  the  figure  might  be  redrawn  to  include  the  unpublished  half.  The  path 
determination  would  proceed  as  described. 

Slant  paths  of  type  B  can  be  divided  into  two  cases.  Case  I  applies  whenever  86° 
>  i  >  90°;  case  II  applies  if  0  >  i  >  86°. 

Example  1 


Let  ha  ~  15,000  ft 
=  30,000  ft 
.t,  =  150,000  ft 


type  A 

h*=  10,000  ft 


Example  2 

A„«  15,000  ft 
h.=  30,000  ft 
x,  -  500,000  ft 


type  B,  case  I 
hf,  =  10,000  ft 
i-  1.10 


=  15,000  ft 
A,=  30,000  ft 

V3 

Xg  ~  “  30,000  ft 


type  B,  case  II 

/o 0 
•  =  600 


Example  3 
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STEP  2 

The  second  step  for  carbon  dioxide  is  to  determine  the  equivalent  optical  path  for  an 
infinite  horizontal  slant  path,  Un,  or  a  vertical  path,  ur. 

Use  Fig.  6-132  to  get  w,  for  atmospheric  paths  of  type  A 
Use  Fig.  6-132  to  get  uh  for  slant  paths  of  type  B,  case  I 

Use  Fig.  6133  to  get  ur  for  slant  paths  of  type  B,  case  II,  where  in  Fig.  6-133  the 
abscissa  is  either  hd  or  h„  whichever  is  smaller. 


Fig  6-132.  Total  horizontal  equivalent  optical  Fig.  6-133.  Sc^le  height  for  FIT** 

path  length  foi  COt  vs  altitude. 


STEP  3 

For  Carpenter's  procedure,  step  3  is  the  determination  of  a  scale  height  Ho"  which 
can  be  found  in  Fig.  6-134  for  all  atmospheric  paths  involving  CO*. 

From  steps  1  or  2  the  value  of  ho  has  been  determined.  To  find  H»,  one  simply  reads 
the  appropriate  value  from  Fig.  6-134. 
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Fig  6-134.  Total  vertical  equivalent  optKii  path  length  for  CO: 
us.  altitude. 


STEP  4 


To  compute  the  equivalent  sea-level  paths  for  atmospheric  piths  of  type  A,  use 


For  atmospheric  paths  of  type  B,  case  I,  use 

For  atmospheric  paths  of  type  B,  case  H,  use 

Uf  —  sec  i  ur  (Arf)  ^  1  -  exp  -  ]  ] 


(6-70) 


(6-71) 
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STEPS  2-4,  for  water  vapor  when  the  mixing  ratio  is  known.  When  the  mixing  ratio 
rn  is  constant  for  all  altitudes,  the  procedure  is  ident:  :al  for  both  carbon  dioxide  and 
water  vapor  with  the  following  exceptions:  use  Fig.  6-135  instead  of  Fig.  6-132,  use 
Fig.  6-136  instead  of  Fig.  6-130  and  use  Fig.  6-135  again  for  Fig.  6-135. 


1 


F  c.  6-135.  Total  horizontal  equi  valent  o  ptical  Fto  6- .136.  Total  vertical  equivalent  optical 
path  length  for  H,0  vs.  altitude  (for  mixing  path  length  ibr  H>0  vs.  altitude  (for  mixing 
rauoe  1,  0  1,  0.01).  ratios  1,  0.1,  0.01). 
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STEPS  2-4  for  constant  relative  humidity.  When  a  constant  relative  humidity  is 
assumed  for  the  atmospheric  patf  ,  the  procedure  is  again  similar  to  that  given  above 
with  the  exception  that  u»  should  be  determined  from  Fig.  6-137,  ut,  should  be  de¬ 
termined  from  Fig.  6-138,  and  Ho"  replaces  Hf  ;n  Eq.  (6-69),  (6-70),  and  (6-71).  Use 
Fig.  6-139  for  the  determination  of  Ho"'  ■ 

The  reduced  equivalent  sea-level  paths  obtained  using  the  above  procedure  are  cor¬ 
rected  for  temperature  and  pressure  as  well  as  for  the  refraction  of  the  atmospheric 
path.  Values  of  the  red'  :ed  sea-levei  path  computed  in  this  way  will  be  quite  accurate 
for  temperate  latitudes  and  may  be  used  for  the  computation  of  slant-path  transmissivi¬ 
ties  as  outlined  in  the  previous  sections 


Fio.  6-137.  Total  horizontal  equivalent  optical  Fig.  8-138.  Total  vertical  equivalent  optical 
path  l«»;igth  for  HiO  vs.  altitude  (for  relative  hu-  path  length  for  H«0  vs.  altitude  (for  relative 
nudity  100%,  10%,  1%).  humidity  100%,  10%,  1%). 
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Fig.  6-135.  Slant  height  for  P'lT s/t. 
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7.  Optical  Components 


7.1.  Lenses 

Infrared  lenses  and  lens  systems  are  usually  custom  made  and  are  often  designed 
by  manufacturers.  Stock  items  which  are  available  are  made  from  the  more  rugged 
materials  such  as  Irtran,  arsenic  trisulfide,  silicon,  germanium,  and  optical  glass; 
these  materials  are  described  in  Chapter  8.  Optical  glass  lenses  are  not  discussed 
because  they  are  easily  obtained  in  almost  any  aperture  and  focal  length.* 

Tables  7-1  through  7-3  and  Figs.  7-1  through  7-5  show  various  types  of  lenses  and 
lens  systems  supplied  by  manufacturers  lor  infrared  applications. 

The  theory  of  reflecting  optics  including  thin  and  thick  lenses  and  multiple  lens 
systems  is  covered  in  detail  in  Chapter  9. 


Table  7-1.  Single-Element  Lenses  Supplied  by  Eastman  Kodak  Company  [1], 
(All  are  lrtran-2,  Meniscus,  measurements  are  in  inches) 


Range 

AX 

Nominal  Focal 
Length 

f 

Equivalent 
Foc~l  Length 

e/J. 

Back  Focal 
Length 
b.f.l. 

Focal  Ratio 
flno 

Circle  of 
Confusion 
d+ 

Distance 

C  ofC 
from  Vertex 

Lens 

No. 

1.5- 10 

1 

0.99* 

0.90* 

1 

0.028 

0.84 

1R-100 

1.04 

0.92 

0.028 

0.84 

1.5-10 

2 

1  99 

ISO 

1 

0.060 

1.66 

1R-200 

2.12 

1.91 

0.056 

1.77 

3-10 

1 

1.00 

0.86 

1 

0 

0.86 

IR-101 

1.05 

0.90 

0.011 

0.87 

4.26-10 

2 

1.92 

1.68 

1 

0.001 

1.68 

IK-201 

2.00 

1.75 

0.001 

1.75 

t.26-10 

3 

300 

2.72 

1 

0.001 

2.72 

IR-301 

3.13 

284 

0.001 

2.84 

•The  first  number  is  for  the  short-wavelength  end  of  the  rarige;  the  second  is  for  the  long  wavelength  end. 
*To  the  5“*  intensity  point  measurements  made  2.0  to  4.5  p. 


Fig.  7-1.  Servocon  ®  achromats  by  SCA  12). 


Fio.  7-2  SCA  doublet  |2). 


•For  extensive  list*  ace  the  catalog*  of  appropriate  companies  listed  in  the  Optical  Industry 
Directory. 
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'!  able  7-2.  Singi.e-Elemf.nt  Infrared  Lenses  Supplied  by 
Servo  Corporation  of  America  [2], 


Lens 

Shape 

Range 

AA 

Design  A 

A,. 

'ii) 

Nominal 

Focal 

Length 

f 

(in  > 

Effective 
Focal  Length 
at  A*  (in.) 
e.fl 

Ra ck 

Focal  Length 
at  A*  un.l 
bfl 

flno 

(in.) 

Cin.iV  of 

Confusion 
dia.  at  k  * 
(in.) 

Circle  of 
Confusion 
oi'er  A  A 
(in.) 

Materia! 

0.7-1. 5 

1.1 

40 

40 

3.68 

4 

0  006 

0.011 

Fused  quartz 

2.0 

2.0 

)  7j3 

2 

0.024 

0023 

Fused  quartz 

4.0 

4.0 

3.523 

2 

0.047 

0.055 

Fused  quartz 

0. 7-2.0 

1.4 

2.0 

2.0 

1  748 

2 

0.027 

0.030 

CaF, 

Convex- 

4.0 

4.0 

3  491 

2 

0.053 

0.060 

CaF, 

Convex 

4.0 

4  0 

3.665 

4 

0.007 

0  011 

CaF, 

0.7-3.0 

1.8 

2.0 

2.0 

1  759 

2 

0.022 

0.028 

BaF, 

4.0 

4.0 

3.713 

4 

0.006 

0.011 

BaF, 

4  0 

<i.O 

3.536 

2 

0044 

0.055 

BaF, 

2.0-5.0 

5.0 

3.0 

_ 

_ 

0.8 

_ 

_ 

Servofrax 

Plano- 

5.0 

2.0 

- 

- 

2.0 

- 

- 

Servofrax 

Convex 

5.0 

0./5 

— 

- 

08 

- 

- 

Servofrax 

4.0 

0.57 

- 

- 

065 

- 

- 

Servofrax 

2.0-5.0 

4.0 

0.55 

_ 

_ 

0.63 

_ 

Servofrax 

Equi- 

6.0 

2.0 

- 

- 

1.0 

- 

- 

Servofrax 

convex 

6.0 

4.0 

- 

- 

1.3 

- 

- 

Servofrax 

1. 0-2.0 

1.5 

2.0 

2.0 

1.853 

2 

0.018 

0.022 

MgO 

4.0 

4.0 

3.877 

4 

0.005 

0.003 

MrO 

2.0-5.0 

3.5 

0.75 

0.75 

0.647 

1 

0.024 

0.02" 

•Servofrax 

1.5 

1.5 

!  378 

3 

0.003 

C  005 

Servof-v.x 

2.0 

2.0 

1.905 

4 

0  0006 

30025 

Servofrar. 

2.0 

2.0 

1.905 

r> 

i. 

0.005 

0009 

Servofrax 

3.6 

3.59 

3.464 

1.2 

0  044 

0.051 

Servofrax 

4.0 

4.0 

3.835 

4 

0.001 

0  005 

Servofrax 

4.0 

4  0 

3.835 

2 

0010 

0017 

Servofrax 

55 

5.5 

5.094 

1 

0  176 

0.190 

Servofrax 

8.0 

8.0 

7  671 

4 

0  0025 

0.010 

Servofrax 

8.0 

8.0 

7.671 

2 

0.021 

0  037 

Servofrax 

90 

9.0 

8.796 

3 

0.019 

0.03C 

Servofrax 

Meniscus 

14.3 

14.29 

13.889 

1.9 

0.041 

0.066 

Servofrax 

35.9 

35.85 

35.594 

4.5 

o.o:o 

0.041 

Servofrax 

35.9 

35.85 

35.594 

3.6 

0.020 

0.056 

Servofrax 

2  0-11.0 

6.5 

2.0 

2.0 

1  926 

2 

0.003 

0.006 

Silcon 

4.0 

4.0 

3.876 

2 

0.006 

0012 

Si  Icon 

- 

4.0 

3  899 

4 

0  001 

0  005 

Silcon 

6.0-10  0 

80 

2.0 

2.0 

1.916 

O 

0.005 

0.009 

Servofrax 

40 

4.0 

3.856 

2 

0.010 

0.019 

Servofrax 

4.0 

4.0 

3.886 

4 

0.001 

0.006 

Servofrax 

6.0-16.0 

11.0 

2.0 

2.0 

1.926 

2 

0.0025 

0.003 

Germanium 

4.0 

4.0 

3.880 

2 

0.005 

0.006 

Germanium 

4.0 

4.0 

3.901 

4 

0.0005 

0.001 

Germanium 

I 
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Table  7-3.  Multi-Element  Lens  Systems  Supplied  by 
Servo  Corporation  of  America  (2], 


Range 

A  K 
<M> 

Design 

Waueietigth 

X* 

<M> 

Nominal 

Focal 

Length 

f 

(in.) 

Back 

Focal 

Length 

h.r.i. 

(in.) 

Aperture 
if!  no) 

Circle  of 
Confusion 

(in.) 

Radius  of 
Petsval 
(in.) 

Field  of 
View 
(degrees) 

Angular 

Resolution 

(mrad) 

o 

2.00 

1.0 

2.24 

2.0-6.0 

3.5 

2.0 

- 

1  2 

0.004 

5.60 

'.0 

2  63 

4.0 

3.87 

(Fig.  7-la) 

60 

5.72 

0 

Sj.\j 

1.0 

2.24 

20-5.0 

3.5 

4.0 

- 

1.2 

0.006 

11.20 

2.0 

2.63 

4.0 

3.87 

(Fig.  7-la) 

6.0 

5.72 

0 

0.38 

1.0 

0.43 

2.0-5.0 

3.5 

8.0 

- 

2.0 

0.003 

23.6 

2.0 

0.50 

4.0 

0.75 

(Fig.  7-la) 

6.0 

0.90 

0 

0  65 

1.0 

0.69 

3. 5-6.0 

4.5 

4.75 

3.56 

1.2 

0.0026 

23.5 

2.0 

0.90 

4.0 

1.56 

•  Fig.  7-lb) 

6.0 

2.52 

5.0-16.0 

li.O 

4.0 

_ 

3 

_ 

_ 

0 

Diffraction 

9.0 

limit 

(Fig. 7-2) 

0.6 

1. 2-4.0 

2.5 

7  0 

_ 

2 

_ 

0 

0.40 

(Fig. 7-3) 

6.0 

0.80 

1  2-2.0 

1.6 

3.6 

_ 

16 

_ 

_ 

0 

1.1 

6.0 

1.6 

(Fig.  7-4) 

9.0 

2.2 

6.0-16.0 

11.0 

2.2 

„ 

15 

_ 

0 

Diffraction 

(Fig.  ’-5) 

limit 

Corning  9752 
Glass 


Glass  Germanium 


Fig.  7-3.  SCA  three- 
element  achromat  (2|. 


Fig.  7-4.  SCA  four 
element  achromat  (2). 


Fic.  7-6.  SCA  relay  lens  12] 
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7,2=  Mirrors 

Mirrors  in  infrared  systems,  used  s-  reflectors  and  as  image-forming  devices,  often 
provide  the  additional  function  of  filtering.  Most  infrared-system  mirrors  are  front 
surfaced;  however,  t,:.ey  are  back  surfaced  when  used  additionally  as  correctors.  Mir¬ 
rors  for  infrared  instrumentation  are  generally  not  commercially  available,  but  are 
custom  designed  for  a  particular  application.  Chapter  10  presents  the  theory  and 
equations  of  reflecting  optics.  Chapter  8  discusses  optical  surface  coatings,  includir.g 
reflective  and  piotective  coatings,  filter  mirrors,  and  replica  mirrors. 

7.3.  Catadioptric  Systems 

Combined  reflecting-refracting,  or  cate  dioptric,  systems  provide  correction  of  aber¬ 
rations  over  relatively  wide  angular  fields.  Table  7-4  and  Figs.  7-6  through  7-10 
show  various  commercially  available  catadioptric  systems. 

Theory  and  equations  of  spherical  and  aspherical  concentric  optical  systems  are 
given  in  detail  in  Chapter 


Table  7-4.  Characteristics  or  Catadioptric  Systems  Suppued  bv  Servo  Cor¬ 
poration  of  America  (S)  and  Barnes  Engineering  Company  (B)  [2,3]. 


Jptical 

Waielength 

Range 

Dtsign 
Wai<e  length 

Nominal 

Focal 

Length 

(in.) 

Aperture 

ifino) 

Primary 

Diameter 

(in.) 

Lens 

Type 

Field  of 
View 
( degrees  i 

Angular 
Resolution 
( .Arad  i 

Suppler 

Maksutov 

04-20 

1  2 

0.0 

16 

_ 

Makautcv 

0 

0  8& 

S 

Foldoa 

quartx 

6 

<F.g.  7-6) 

corrector 

Bouwers- 

1  0-4.0 

26 

96 

16 

_ 

Makautov 

0 

1.5 

c 

Maksutov 

AmS, 

4 

15 

(Fig  7-71 

corrector 

Catadiopuic 

0.3-06 

046 

10.1 

33 

Maksutov 

0 

0  15 

S 

(Fig.  7-81 

<?uartx 

corrector 

6 

0  15 

Folded 

10-3  0 

_ 

60 

V8 

33 

Corning 

2 

1  *t  0' 

B 

(Fig.  7-9) 

9762- 

8  a)  10* 

Folded 

10-3  0 

_ 

4.1 

1.4 

5.3 

Fuaed 

20 

1  at  O’ 

B 

(Fig  7-9) 

silica 

8  at  10* 

*G«rTnanat«  glut 

Servofrax  R 
Corrector 


Fig.  7-6  Maksutov  folded  optical  syste;..  Fig  7-7  Bouwers-Maksutov  optical 

supplied  by  SCA  121.  system  supplied  by  SCA  (2). 
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Fig.  7-8.  Ca.tadioptric  optical  system 
supplied  by  SCA  [2], 


Secondary  Mirror 


Fig.  7-9.  Barnes  high-speed  objective 
system  [31. 


7.4.  Interference  Filters 

7.4.1.  Introduction.  Filters  are  classified  by  either  their  transmission  character¬ 
istics  or  the  physical  phenomena  upon  which  their  action  is  based.  A  long-wave 
pass  filter  transmits  all  radiation  with  wavelengths  greater  than  the  specified  value; 
a  s  .t-wave  pass  filter  passes  all  radiation  with  wavelengths  shorter  than  the  specified 
value;  a  bandpass  filter  transmits  only  between  two  wavelengths. 

Some  of  the  physical  phenomena  that  determine  filter  action  are  selective  reflection 
and  refraction,  scattering,  polarization,  interference,  and  se'ective  absorption. 

7.4.2.  Terminology.  The  description  of  filters -and  eve.,  curves  of  their  transmis¬ 
sion  -has  nor  been  standardized.  The  terms  given  below  ha/e  ’•eceiv**d  some  mea¬ 
sure  of  acceptance,  but  for  precise  knowledge  of  characteristics  nothing  can  substitute 
for  a  transmittance  curve.  For  the  following  definitions,  refer  to  Fig.  7-11. 


Ao 

Fig.  7*11.  Illustrating  filter  nomenclature. 

Passband:  The  primary  wavelength  interval  of  transmission  of  a  pass  filter. 

Stop  Band:  The  primary  region  of  reflection,  absorption,  etc.,  of  a  rejection 

filter. 

Background 

Region:  The  l  eg' on  of  low  transmission  of  a  pass  filter. 

Center  The  wavelength  at  the  center  of  the  faissband.  For  interference 

Wavelength  (A,)):  filters,  A0  is  usually  the  mean  of  the  long-  and  short-wave  cutoffs. 

Halfwidth  (HW):  The  width  of  the  passband  at  60%  peak  transmission  -  often 
expressed  as  a  percentage  of  A0. 

Basewidth  (BW):  The  width  of  the  passband  of  3%  or  1%  (or  some  other  small  per¬ 
centage)  of  peak  transmittance.  It  is  more  precise  and  useful 
to  specify  the  3%  width,  etc.,  as  (AA)0,<n;  thui  HW  becomes  (Aa^s. 

Peak  Trans  The  maximum  transmittance  in  the  passband.  For  interference 

mittance  (T0):  filters  this  is  often  specified  as  a  percent  of  the  uncoated  substrate. 

Substrate  Trans¬ 
mittance  (T„):  Substrate  transmittance. 

Free  Filter  Range  The  wavelength  interval  over  which  the  background  is  less  than 
(FFR):  a  specified  amount  except  where  the  passband  is. 

Cutoff  and  Cuton 

Wavelengths  (Ar)-  The  wavelengths  of  the  limits  oi  the  passband. 

Slope: .  The  linear  approximation  to  the  cuton  or  cutoff  slope,  eA pressed 

as  the  ratio  (Wa  —  A,)/Ar,  where  A0  *  is  the  wavelength  of  30% 
transmittance. 

The  user  of  filters  should  take  care  to  understand  the  nomenclature  used  by  the 
individual  manufacturers.  In  particular  he  should  note  whether  T0  is  given  in  terms 
of  the  ratio  of  the  filter  transmission  to  the  substrate  transmission,  whether  Ar  is 
given  as  a  5%,  3%,  or  1%  cutoff,  and  whether  FFR  is  specified  for  1%,  0.1%,  etc. 
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7.4.3.  General  Theory  of  Interference  Filters. 


PL  'se  Difference  (6): 

Wavenumoer  (oh: 

Dimensionless 
Wavenumf>er  <g): 


The  ph-se  difference  in  radians  is  2  no  nt. 

The  reciprocal  of  wavelength. 

Some  design  (set)  wavelength  divided  by  the  variable  wave¬ 
length,  Xo/A. 


Quarter-Wave  Optical  The  thickness  of  a  layer  measured  in  the  number  of  quarter 
Thickness  (QWOT):  waves  of  a  design  wavelength.  Thus,  QWOT  =  4 ni. 


d  and  L  layers:  Quarter-wave  thicknesses  of  the  higher  index  in  a  stack  of 

layers  are  often  written  H\  quarter- wave  thickness  of  lower 
index  as  L 


Quarter-Wave  Stack:  A  periodic  array  of  cl  term  ting  H  and  L  layers,  viz.,  HLHLHL 
=  (HLV  or  LHluILH  =  !/  H)3. 


High-Reflectance  Zone.  Region  of  high  reflectance  as  shown  in  Fig.  7  12. 

Quarter-wave  stacks  are  the  moat  simple  Iron,  the  design  standpoint.  On  a  fre¬ 
quency  scale  they  have  the  symmetric  transmission  structure  shown  in  Fig.  7-12. 
The  width  of  the  high  reflectance  zone  is  given  b> 


4 

-  arc  sin 

TT 


inn  -  n,  \ 
\  nn  +  ntJ 


The  maximum  reflectivity  is  given  by 

F  +  P- -■  —  2 

Umax  p  p  ,  -f-  2 


For  P  >  >  P  1 , 


ni-2  n2  2no 

n  i  r,  n  •  n. 


V  1 


■  '  •  Mi ! - 

J  n0n. 


R 


mnj- 


P-  4 

P 


l  even 

/  odd 


The  theoretical  curve  given  in  Fig.  7-12  is  useful  lor  beginning  calculations.  Figure 
7-13  shows  the  t-ansmission  of  a  quarter-wave  stack  over  a  larger  range  ofg. 

Svacks  with  unequal  optical  thickness  ratios  can  p!?o  be  very  useful.  The  2:1  stack 
has  the  configuration 

LLH  LLH  LLH  •••  =  ( LLH)m 


The  first-order  high-reflectance  zone  occurs  at  g  =  1,  when  LLH  is  A»/2.  The  second- 
order  zone  occurs  when  g  —  2  and  LLH  is  X0.  There  is  no  high  reflectance  when  g  —  3 
o^cause  LLH  is  3X„/2;  thus  //  is  a  half  wave  and  LL  is  a  full  wave,  and  all  LLH' s  are 
absentee  lavers. 

The  general  p  q  stack  can  be  analyzed  in  a  similar  way.  The  following  features 
may  be  U'>eful 

1.  The  high-reflectance  zoi.e  may  not  be  a  center  of  symmetry 

2.  Tiie  high-*,eflectance  zone  of  a  quarter-  ^ave  st*»ck  ’8  wider  than  oth  -tv  p:q  stackj. 
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3.  The  number  of  oscillations  outside  the  high-ieflectance  zone  ir>c  eases  as  the 
number  of  layers  is  increased. 

4.  Other  things  being  equal,  the  quarter-wave  stack  has  the  highest  reflectivity. 

Additional  layers  can  be  added  to:  (1)  increase  the  reflection  in  me  stop  band,  or 
(2)  decrease  the  reflection  in  the  passband.  To  increase  reflectivity  use  H  layers  at 
both  ends  of  the  basic  period: 

HLHLHLH 


To  decrease  the  reflection,  the  layer  can  be  replaced  by  its  Herpin  equivalent  and  anti- 
reflection  coatings  designed  for  the  desired  wavelength.  The  stack  can  also  be  varied 
by  computer  techniques  based  on  variational  principles. 

7.4.4.  Long-Wave  Pass  Interference  Filters.  The  design  of  a  long-wave  pass 
interference  filter  is  based  on  Fig.  7-12.  Low -reflectance  regions  are  regions  of  high 
transmission,  and  can  be  designed  on  that  basis.  The  curves  change  with  different 
ratios  of  nH  to  nL  and  different  numbers  of  layers.  The  design  proceeds  by  choosing 
a  useful  substrate  and  a  design  X4.  3ome  changes  can  then  be  made.  The  long-wave 
cutoff  is  determined  by  either  the  substrate  absorption  or  the  second-order  maximum 
(Fig.  7-13).  Commercially  available  long-wave  pass  Alters  are  described  in  Sec.  7.9. 
They  have  the  following  properties: 

1.  The  slope  of  the  cuton  increases  with  the  number  of  layers. 

2.  The  maximum  reflectance  increases  with  the  number  of  layers 

3.  The  width  of  the  reflectance  zone  increases  as  nHlnL  increases. 

4.  A  higner-order  reflectance  peak  has  a  sharper  cuton  but  a  narrower  transmission 
region  (AX). 

5.  Angle  shift  is  minimized  by  high  values  for  nH  and  nL  or  by  more  high-index 
materials  in  the  basic  period. 

7.4.5.  Short-Wave  Pass  Interferen  ce  Filters.  The  comments  applicable  to  long¬ 
wave  Dass  filters  (Sec.  7.4.4)  also  apply  here.  Short-wave  pass  filters  are  usually  de¬ 
signed  from  quarter-wave  stacks  because  these  have  the  longest  region  of  high  trans¬ 
mission  to  the  short-wave  (high-frequency)  side  of  the  high  reflectance  zone.  Then 
an  antireflection  coat  is  applied  to  the  stack  in  the  transmission  region.  Some  com¬ 
mercially  available  filters  are  described  in  Sec.  7.9. 


7.4.6.  Bandpaaa  Interference  Filters.  Every  filter  is  a  bandpass  filter.  If  the 
desired  pass  region  is  smaller  than  that  obtained  by  a  long-wave  pass  filter,  a  short¬ 
wave  pass  can  be  added;  they  can  be  deposited  on  opposite  sides  of  the  substrate.  Nar¬ 
rower  bandpasses  are  obtained  by  interference  technique,  similar  to  that  for  the 
Fabry-Perot  interferometer.  The  transmission  is  given  by 


T  = 


r.r, 


(i  -  VrmJ 


/2nnt  <i  +  t2\ 


1  + 


4V/L/?,  sin  I - 

\  A  2 


(l  -  VR^Rr)1 


where  T,,  Tt,  R ,,  and  Rt  are  the  transmittance  and  reflectance  of  the  plate  coatings 
(looking  from  the  gap);  «i  and  «»  are  the  phase  shift  upon  reflection,  and  nt  is  the  optical 
path  of  the  gap.  The  transmission  is  a  sinusoidal  function  of  1/A  or  <r.  The  region 
between  adjacent  transmission  peaks  is  the  free  spectral  range.  In  filter  language 
this  it  the  free  filter  ran/je,  or  FFR.  This  spacing  a/  is  given  by 


«7  ” 


2  U 
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The  narrowness  of  a  line  is  given  by  the  Q: 

A  o  (To  \  h  iR  2)*  * 

Q  = - =  - = - - m  n 

(AA)o  s  ( Atr)o  r,  1  _  v/fifti 

If  R\  and  Rt  are  large  and  if  e.  and  e*  are  constant  over  A  A,  then  the  line  has  a  Lorentz 
shape.  Narrowband  filters  can  have  the  following  construction 


HLH  LL  HLH 

This  can  be  thought  of  as  two  filters  separated  by  a  half-wave  of  low  index  materia). 
The  curve  for  this  filter  is  shown  in  Fig.  7-14  These  filters  are  usually  combined  with 
blocking  filters  to  isolate  the  narrow  band.  Some  commercially  available  filters  are 
described  in  Sec.  7.9. 


7.4.7.  “Square-Band”  Interference  Filters.  This  type  of  filter- not  really  a 
square  band  — can  be  designed  as  a  general  p:q  stack.  The  design  is 

( HL)'  LL  <///.'"  LL  -  ■  LL  iHLr 

The  filter  is  generally  steeper  and  has  a  rippled  top.  The  rejection  is  also  better  than 
the  quarter-wave  stack.  A  comparison  of  the  "square”  filter  with  the  normal  quarter- 
wave  stack  is  given  in  Fig.  7-15.  These  can  also  be  thought  of  as  multiple-wave  filters. 

7,4.3.  The  Filter  Matrix.  The  relations  between  the  electric  and  magnetic  fields 
on  two  sides  of  the  itin  interface  are  given  by 


E 

H 


-  M , 


E' 
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Fig.  7-j  5.  Measured  transmittance  of  two  band).^B8  filters  with 
nominal  2%  halfwidth  at  4.29  fi. 


Here  M ,  is  the  characteristic  matrix  of  the  tth  surface.  Mi  is  given  by 

cos  6i  jn  t  sin  8f 
jn.i  sit,  8i  cos  5/ 


Mi  = 


The  relation  between 


is 


E  o 

H, 


and 


Em 

Hm 


1  -  £"1 

Em 

ail  jo  It 

Em 

=  11 

=  M 

= 

Hm\ 

Hm 

_jOt\  Oil 

Hm_ 

The  determinant  |Af|  is  1,  so  that  the  reflectivity  R  can  be  calculated  from  a  knowledge 
of  three  elements. 

For  any  periodic  layer,  the  period  can  be  reduced  to  a  fictitious  bilayer,  and  if  the 
period  occurs  m  times,  then 

Ea  ]  1  ' 

=  (MiM,)m 

H  oj  n. 

For  a  symmetrical  layer  the  period  can  be  replaced  by  a  monolayer. 
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7.4.9.  The  Herpin  Equivalent  Layer.  The  thickness  of  the  layer  dn  can  be  written 
in  terms  of  the  phase  5„: 

8h  -  360 ntlk  (degrees) 

=  '2nntik  (radians) 

—  nt/\  (wavelengths) 

-  arc  cos  a  ■  t 

n/i  =  a2J(l  —  a,  l*),/* 

7.4.10.  Analogies  ith  Transmission-Line  Theory  [4],  The  matching  theorems 
involving  calculation  of  line  admittance,  characteristic  admittance,  reflection  coeffi¬ 
cient,  etc.,  can  re  applied  to  optical  multilayers  by  treating  the  relractive  index  as 
the  admittance.  Some  useful  equaticrs  are: 

For  the  nth  element  of  an  infinite  lumped -constant  line  (s  =  series;  sh  =  shunt): 

i„  =  Aeyn 

Z, 

coshy  =  1  + 


e>  =  1  + 


2 Z,h  ~ 


Zo  =  ±  VZ,ZlA  +  (Z./2)* 
sinhy  =  Z0/Z,/, 

For  an  infinite  distributed-parameter  line: 

Z  =  R  +  ju>I.  Y  =  G  +  jwC 


Zo  =  ±  Vz/y  y  —  —  Vzy  =  z„y 


For  a  line  terminated  by  Zw: 


n  _  '  Z" 

K  “Z,, -F  ZR 


y„  -  y0 
Yr  +  Y0 


7(/)=7  Z°  Sin*;  yl  +  Z"  C08h  yl 
~  °"zu  COS  yl  -i-  ZK  sinh  yl 


ZrlZ  ci,  —  Z  a* 


where  Zr/  is  the  short-circuit  impedance  and  Zo;,  is  the  open-circuit  impedance. 

Impedance  matching:  A  section  of  lossless  lumped  line  can  be  chosen  to  join  generator 
and  load  for  maximum  power  transfer  if 


Zo1  =  z.„z„.,, 


and  the  length  is  a  quarter  v  ave. 

7.4.11.  Effects  of  Angle  of  Incidence.  The  transmission  band  is  a  function  of  the 
angle  of  incidence  An  effective  optical  thickness  can  be  used. 

(  nt )r/f  =  nt  cos  9 

where  6  =  angle  of  incidence.  This  technique  can  be  used  for  a  few  layers,  but  since 
the  angle  of  incidence  for  each  layer  is  a  function  of  the  original  angle  and  all  the 
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preceding  layers,  the  technique  is  cumbersome.  Substituted  into  the  matrix  formu¬ 
lation,  however,  the  effective  optical  thickness  is  again  useful.  For  nonnormal  inci¬ 
dence  the  filter  also  becomes  polarizing;  for  simple  layers  the  standard  equations  for 
reflectance  are  useful,  or  they  can  be  put  in  matrix  form  for  iteration.  Angle  effects 
can  be  minimized  by  the  use  of  higher  index  or  using  more  material  of  a  higher  index 
in  a  layer.  The  effective  thickness  is  shown  in  Fig.  7-16. 


Film  Index 

4  3  2.5  2  1.5  1.25 


EFFECTIVE  FILM  THICKNESS/ FILM  THICKNESS 
Fig.  7-16.  Effective  film  thickness  [5). 

7.4.12.  Effects  of  Temperature.  Cooling  a  filter  changes  botn  the  actual  fchicknsr. :? 
of  layers  and  the  refractive  index.  Thus  the  filter  will  change  its  center  wavelength 
as  the  optica!  path  changes: 

A nt  _  It  An 

AT  “  n  AT  + 

These  terms  are  calculable  from  data  of  thermal  expansion  and  refractive  index  change 
with  temperature  given  in  Chapter  8. 

7.4.13.  Substrates  and  F  :1ms.  Table  7-5  is  a  list  of  trie  commonly  used  substrate 
materials.  Chapter  8  gives  the  physical  data  for  these  materials.  Sometimes  it  will 
be  necessary  to  extrapolate  the  data  to  thinner  samples. 


Table  7-5.  Commonly  Used  Substrate  Materials 


Material 

Refractive  i  idex 

Transmission  Range 
(u) 

Irtran  1 

1.38-1.31 

1-8.5 

Lithium  fluoride 

1.39-1.30 

0.2-9 

Calcium  fluoride 
(also  P8  Irtran  3) 

1.44-1.32 

0.2-12 

Vycor 

1.46 

0  25-3  5 

Fused  quartz 

1.48-1.41 

0.2-4. 5 

Barium  fluoride 

1  51-1.41 

0.2-15 

Glass 

1  70-1.51 

0  32-2.5 

Magnesium  oxide 

1.77-1.62 

0. 3-8.5 

Sapphire 

1.83-1.59 

0.2-6. 5 

Irtrnn  2 

2.29-2.15 

1-14.5 

Irtran  4 

-2.4 

2  0-24 

Arsenic  tnnulfide  glass 

2  66-2.37 

0.6-»l 

Silicon 

3.50-3.42 

1.2-15 

Germanium 

4.10-4.00 

1.8-23 
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Table  7-6.  Commonly  Ussd  Film  Materials  161 


Material 

Refractive  Index 

Range  of  Transparency* 

Commc, 

From 

To 

Cryolite 

1.35 

<200  mg 

10  g 

1 

Chiolite 

1.35 

<200  mpt 

10  g 

1 

Magnesium  fluorv’e 

1.38 

230  mg 

5  g 

2,3 

Thorium  fluoride 

1.45 

<200  mg 

10  pt 

- 

Cerium  fluoride 

1.62 

300  mpt 

>  5  pt 

4 

Silicon  monoxide 

1.45  to  1.90 

350  mg 

8  pt 

5 

Sodium  chloride 

1.54 

180  mg 

>15  pt 

6 

Zirconium  dioxide 

2.10 

300  mg 

>  7  M 

2 

Zinc  sulfide 

2.30 

400  mpt 

14  pi 

7 

Titanium  dioxide 

2.40  to  2.90 

400  mg 

>  7  pt 

8 

Cerium  dioxide 

2.30 

400  nipt 

5  g 

2,3 

Silicon 

3.50 

900  mpt 

8  pt 

- 

Germanium 

3. 80  to  4.20 

1400  mpt 

>20  pt 

- 

Lead  telluride 

5.10 

3900  mpt 

>20  pt 

— 

Notes 

1.  Both  matcriila  are  sodium-aluminum  fluroiue  compounds,  but  differ  in  the  ratio  of  Na  to  A1  and  have  different 
crystal  structure  f'Molite  is  preferable  in  the  infrared,  because  it  has  less  stress  than  cryolite 

2.  These  materials  are  hard  and  durable,  especially  when  evaporated  onto  a  hot  substrate 

3.  The  long  wavelength  is  limited  by  the  fact  that,  when  the  optica!  thickness  of  the  film  is  a  quarter-wave  at 
5  jt.  the  film  cracks  because  of  the  mechanical  stress. 

4.  Other  fluorides  and  oxides  of  rare  earths  have  refractive  indices  in  this  range  from  1.60  to  2  0. 

5.  The  reductive  index  of  SiOx  (called  silicon  monoxide!  can  vary  from  1.45  to  1  90  depending  upon  the  partial 
pressure  of  oxygen  during  the  evaporation  Films  with  a  refractive  index  of  1  75  and  higher  absorb  at  wave¬ 
lengths  below  500  m  p. 

6.  Sodium  chloride  is  used  in  interference  filters  out  to  n  wavelength  of  20  p.  It  has  very  little  stress. 

7.  The  refractive  index  of  zinc  sulfide  is  dispersive. 

8  The  refractive  index  of  TiO,  rises  sharply  in  the  blue  spectral  region 

9.  The  range  of  transparency  ib  for  a  film  of  quarter-wave  optical  thickness  at  this  wavelength  These  values 
aie  approximate  and  also  depend  quite  markedly  upon  the  conditions  in  the  vecuum  during  tne  evaporation 
of  the  film. 


Table  7-6  is  a  )>st  of  commonly  used  film  materials  [6).  The  data  for  thin  evaporated 
films  are  often  different  from  those  of  Chapter  8,  which  are  for  solid  samples  Since 
the  values  vary  with  deposition  conditions,  only  representative  numbers  are  given  in 
Table  7-6. 

7.5.  Christiansen  Filters  |7,8,9) 

These  filters  are  made  ot  small,  closely  packed  particles  of  an  infrared-transparent 
substance  suspended  in  a  liquid  or  a  gas.  The  optical  properties  of  the  materials  are 
so  chosen  that  the  indices  of  refraction  of  the  particles  and  the  suspending  medium 
are  the  same  at  the  wavelength  that  is  to  be  transmitted.  The  dnla A  values  of  the 
liquid  and  the  solid  particles  are  chosen  to  be  as  widely  different  as  possible  Thus, 
as  the  wavelength  is  progressively  increased,  or  decreased  from  the  wavelength  at  which 
equality  of  the  indices  occurs,  the  difference  in  index  between  the  particles  and  the 
suspending  medium  increases  rapidly. 
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One  forrri  of  Christiansen  filter  for  the  infrared  is  obtained  by  using  quart*  particles 
in  air.  Figure  7-17  shows  the  dispersion  curve  of  ordinar-  quartz.  The  rofra  ive 
index  is  unity  at  7.4  u.  At  this  wavelength,  therefore,  the  quartz  particles  '  ave  the 
same  refractive  index  as  air,  and  high  transmission  occurs. 

Table  7-7  lists  other  materials  which  when  suspended  in  air,  can  be  used  as  Christian¬ 
sen  filters.  Aiso  shown  are  the  wavelengths  at  which  maximum  transmission  occurs. 
These  are  designated  as  Christiansen  wavelengths. 
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Fig.  7-17.  Dispersion  curve  of  quartz, 
showing  Christiansen  wavelength  [7], 


Table  7-7.  Christiansen  Wavelengths 
of  Selected  Materials  [7! 


Crystal  in  Air 

Christiansen 

Wavelength 

Quartz 

<M> 

7.3 

LiF 

11.2 

MgO 

12.2 

NaCl 

32 

NaBr 

37 

Nal 

49 

KBr 

52 

HI 

64 

Rbl 

73 

TII 

90 

Figure  7-18  shows  the  effect  of  quartz  powder  in  a  medium  of  pure  CCh  and  CS? 
as  compared  with  quartz  in  air.  Because  values  of  dnldT are  relatively  high,  these 
filters  are  sensitive  to  temperature  fiuc'uations.  By  the  same  token,  in  a  controlled 
environment  the  center  of  the  passband  can  be  varied  by  changing  the  temperature. 
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Fic  7-18.  Position  of  the  Christiansen  peak  for 
quartz  power  in  liquids,  (a)  Quartz  in  a  50%  by  vol¬ 
ume  mixture  of  CSs  and  CCL.  (h)  Quartz  in  pure 
CCL.  (c)  Quartz  m  air  [lOj. 


7.6.  Selective  Reflection  Filters  [111 

Selective  reflection  filters  are  made  of  crystalline  materials  that  show  selective 
reflection  at  certain  wavelengths.  These  filters  are  useful  to  about  200  /x. 

In  practice,  radiation  from  a  suitable  source  ir  collimated  and  directed  at  the  sur¬ 
face  of  a  polished  crystal  whose  residual  ray  occurs  at  the  wavelength  to  be  selectively 
reflected.  After  mree  or  four  successive  reflections  from  similar  crystal  plates,  only 
the  residual  ray  i6  present  with  any  appreciable  intensity,  the  other  wavelengths 
having  been  attenuated  by  a  factor  of  several  thousand.  Figures  7-19  and  7-20  indicate 
the  wavelengths  of  the  residual  rays  of  a  number  of  materials. 


Fig.  7-19  Reststrahlen  (residual  ray)  frequencies  of  alkai*  halide  crystais. 


I 
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Fig.  7-20.  Reststrahlen  (residua!  raj’)  frequencies  of  polar  crystals. 


7.7.  Selective  Refraction  Filters 

Filtering  by  selective  refraction  depends  upon  the  dnldk  of  a  lens  mat/  ial  Radi¬ 
ation  of  different  wavelengths  will  be  focused  at  different  points  aiong  the  optical  axis 
if  the  lens  is  used  in  a  wavelength  region  where  it  possesses  high  dispersion.  This 
technique  is  particularly  useful  when  the  lens  is  used  near  an  absorption  band,  because 
the  refractive  index  will  be  considerably  different  on  opposite  sides  of  the  band.  This 
method  of  focal  isolation  or  selective  refraction  is  illustrated  in  Fig.  7-21. 


Fig.  7-21.  Filtering  by  the  method  of  focal  isolation. 


Two  quart*  lenses  are  usually  employed  in  this  method.  The  refractive  index  of 
quartz  in  the  near  infrared  is  about  1.5,  and  about  2.15  in  the  range  60  /*.  to  100 
(Quartz  absorbs  in  the  region  around  9 pi.)  In  Fig.  7-21,  radiation  in  the  far  infrared 
is  passed  through  the  aperture,  brought  to  a  focus  at  aperture  .4',  and  transmitted. 
Visible  and  near-infrared  radiation,  being  deviated  less,  impinges  upon  screen  No.  2. 
L<ens  No.  2  focuses  the  desired  radiation  upon  the  detector.  The  two  opaque  discs, 
d i  and  d>,  obscure  the  paraxial  zone  of  the  lenses  and  prevent  transmission  of  direct 
radia,;on. 

7.8.  Polarization  Interference  Filters  [111 

The  polarization  intirferer.ee  filter,  sometimes  called  a  Lyot-Ohman  (or  birefringer.t) 
filter,  isolates  a  spectral  band  only  a  few  angstroms  wide.  These  filters  are  constructed 
of  alternate  plates  of  polarizers  and  birefringent  crystals  (e.g.  quartz)  as  shown  in 
Fig.  7-22. 
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Crystal  Quartz  Plates 


Fig.  7-22.  Birriringent  filter  Ill). 

The  birefringent  crystal  and  quartz  plates  are  cut  with  their  optical  axes  parallel 
to  the  large  faces.  The  axes  of  the  polarizers  are  oriented  at  45°  to  the  quartz  optical 
axes.  Linearly  polarized  light,  incident  on  the  first  quartz  pi  ?  at  45°,  would  have 
its  plane  of  polarization  rotated  by  90°  if  the  plate  were  a  half-wavs,  plate  (or  if  the  optical 
path  difference  between  the  ordinary  and  extraordinary  rays  were  any  odd  multiple 
of  half-waves,).  If  the  plane  of  polarization  is  rotated  at  90°,  the  radiation  will  not 
he  transmitted  by  the  second  polarizer.  Since  the  phase  difference  introduced  between 
the  ordinary  and  extraordinary  rays  depends  on  wavelength  as  well  as  on  he  thickness 
of  tne  quartz  plate,  the  same  plate  may  be  a  5/2-wave  plate  for  one  wavelength,  a  7/2- 
wave  plate  for  another  wavelength,  and  9/2-wave  plate  for  still  another  wavelength. 
Each  of  these  wavelengths  will  be  blocked  by  the  polarizer  following  the  plates,  whereas 
those  wavelengths  for  which  the  difference  in  optical  path  between  the  two  polariza¬ 
tions  is  an  even  number  of  half  waves  will  be  completely  transmitted. 

Figure  7-23(a)  illustrates  the  transmission  of  the  first  quart,  plate  and  its  polarizers. 
If  each  quartz  plate  is  made  twice  as  thick  as  the  preceding  one,  it  will  have  twice  as 
many  transmission  maxima  and  minima  in  a  given  wavelength  interval.  The  trans¬ 
mission  curves  for  the  second,  third,  and  fourth  plates  are  illustrated  in  Fig.  7-23  ( b ), 
(c),  and  (ct),  The  transmission  of  the  entire  filter  is  the  result  of  all  these  transmission 
curves  and  is  shown  in  Fig.  7-23(e). 


Fig.  7-23.  Transmission  of  Lyot  filter 
and  its  components  [11]. 


7.9.  Commercially  Available  Filters 

Figure  7-24  presents  transmittance  curves  of  typical  Bausch  &  Iomb  filters  Fig¬ 
ure  7-25  shows  trar  =niittance  curves  of  interference  filters  available  from  Eastman 
Kodak.  Figure  7-26  shows  transmittance  curvec  of  interference  filters  available 
from  Infrared  Industries,  Inc.  Figure  7-27  shows  ."ansmittance  curves  of  filters 
available  from  Optical  Coating  Laboratory,  Inc.  Other  infrared  filter  manufacturers 
include  Optics  Technology,  Inc.,  Fish  Schurman  for  Schott  Glasswerke,  Bail'd- Atomic 
(mainly  for  visible  and  ultraviolet),  Farrand  Optical  Company,  Inc.;  a  number  of  other 
companies  are  listed  in  the  Optical  Industry  catalog. 


300 


OPTICAL  COMPONENTS 


tOOj 


U) 


°51X 


^ 

2.0  3.0 


4.0 


Bandpass  filter  (cover  g.ass 
substrate)  Xg  -  2.45  p 


5.0 


Long-wave  pass  filter 
(cover  glass  substrate) 
Xg  =  18  P 


Bandpass  filter  in  series  with 
auxiliary  long-wa  u  pass  filic- 
(cover  glass  substrate)  Xg  =  2.48  ,u 


10C 


50 


Mu 
rj,  I,1, 

,  '  yl 


<*) 

/\ 


1.0  2.0  3.0  4.0  5.0 


Bandpass  filte.  (cover  glass 
substrate)  *g  4.42  p 


Bandpass  filter  (cover  glass 
subsl  rat»)  Xg  )  .C8  u 


100 


50 


<g> 


A 


1.0  2.0  3.0  4.0  5.0 


Bandpass  filter  (cover  glass 
su  jy.rate'  Xg  3  82  p 


Bandpass  filter  (cover  glass 
subs:  rate)  Xg  =  1 .89  p 


lOOt 


(0 


lCX)e 


(j) 


50 


t  VI 


;  \ 


1.0  2.0  3.C  ‘i.9 


5.0 


Bandpass  filter  (rover  glass 
substrate)  Xg  =  3.95  p 


50 


\ 


■ 

0  /**  L  — '  IV  .  I  J 

i.O  2.0  3.0  4.0  5.0 

Bandpass  tiller  fee  er  glass 
substrate)  Xq  1.24  p 


Fig  7-24  Transmittance  of  Bausch  L  Lorr.b  infrared 
inter'erencc  filters  (4J. 
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Fig  7-24  (Contin  ,ed)  Transmittance  of  Bausch  &  I>omb 
infrared  interference  filters  (4] 
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Short-wave  pass  titter 
(plate  glass  substrate  with 
Kodak  No.  "0!  touting) 


0.4  0.3  1.2  1.6  2.0 


.VAVELENCTH  (p) 

Short-wave  pass  filter  (heat¬ 
absorbing  glass  substrate 
with  Kodak  No  301  coating) 


WAVELENGTH  (p)  WAVELENGTH  (pj 

Long-wave  pass  filter;  1.0  p  Ixmg-wave  pass  liter;  Aq  =  2.0  p 


WAVELENGTH  (p)  WAVELENGTH  (p) 

Long-wave  pass  filter;  Aq  =  3.0  p  Bandpass  filter.  Aq  -  2.2  p 

Fig.  7  25.  Transmittance  of  Eastman  Kodak  infrared 
interference  filters  (1). 
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WAVELENGTH  (p)  WAVELENGTH  (p) 

Bandpass  filter,  >0  =  2.7  p  Bandpass  filter; 


WAVELENGTH  (p)  WAVELENGTH  (p) 

Bandpass  filter,  *0  5.75  p  Bandpass  filter;  *c  =  S.7  p 


WAVELENGTH  (p)  WAVELENGTH  (p) 

Bandpass  filter;  X0  10.9  p  Bandpass  filter,  »0  11. Op 

Fig.  7-25  ( Continued ).  Transmittance  of  Eastman  Kodak 
infrared  interference  filters  111. 
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Far-infrared,  long-wave  pass  filters  (silver 
chioride  substrate) 


Far-infrared,  long-wave  pass  filters  (silver 
chloride  substrate  plus  polystyrene  protective 
coating) 


Fig.  7-25  ' Continued ).  Transmittance  of  Kastman 
Kodak  infrared  interference  filters  [1] 
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(a) 


(b) 


(c) 


Fig.  7-26.  Transmittance  of  Infrared  Industries  inter¬ 
ference  (Infratron)  filters,  (a)  Long-wa'e  pass;  (6)  spike; 
<c)  long-wave  pass  combined  with  detector  112] 
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Fic.  7-27.  Transmittance  of  Optical  C  >ating  Labs  infrap.-d  interference  filters. 

7.10.  Absorption  Filters  (7,12,131 

Many  materials  in  solid,  liquid,  or  gaseous  state,  includ'  •*  those  discussed  in  Chap¬ 
ter  8,  can  oe  used  as  selective  absorption  fi’ters  in  various  regions  of  the  infrared 
spectrum.  These  filters  have  high  transmission  above  or  below  a  certain  wavelength 
where  high  absorption  produces  a  sharp  cutoff  or  cuton. 

Long-wave  pass  filters  in  the  n  .ar  infrared  are  normally  made  of  plastic  materials 
containing  dyes,  colored  glass,  or  sublimated  phthalocyanines  upon  glass.  Other 
long-wave  pass  filters  consist  of  glass  coated  with  plastic  dye  solutions.  Figure  7-28 
shows  the  characteristics  of  these  filters  1 14). 

Figure  7-29  shows  the  vaiiety  of  cuton  wavelengths  that  are  obtained  with  various 
semiconductors  By  proper  doping  the  location  of  the  absorption  limit  can  be  moved, 
although  this  reduces  the  gradient.  A  similar  effect  c.an  also  be  obtained  by  the  use 
of  mixed  crystals,  Fig.  7-33,  although  no  such  filters  are  available  commercially  at 
present.  An  excellent  reference  on  mixed-crystal  semiconductors  is  R.  H.  Eube  [16J. 
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Fic.  7-28.  Near  infrared  dyed-plastic  niter  characteristics  !  1 4 ). 


Fio.  7-29.  Transmission  of  selected  semiconductors  ji5). 


7.11.  Priacnu 

Prism?  are  used  principally  for  deviating  light  nr  dispersing  it.  Any  prism  does 
both,  but  it  can  be  arranged  to  maximize  one  but  minimize  the  other.  Figure  7-30 
illustrates  the  geometry  and  defines  the  symbols. 


The  angular  magnification  M»  is 

_  ~  cos  fli  COS  0 2 ' 
*  cos  6j  cos  8,' 

The  total  d'viation  is 

fi  =  0,  +  0,  -  a 
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The  deviation  can  also  be  expressed  by 

sin  0 1  =  sin  a  k/Vnt1in t*)  —  sin20j  --  cos  a  sin  0, 

Minimum  deviation  is  given  by 

sin,1  (Smi*  +  a) 

n,  -  n,  - r - — - 

sin  a: 2 

The  change  in  deviation  with  wavelength,  or  the  dispersion  is 

d8  u.ri2  2  sin  a/2 

dk  dk  vT-lns/n,)*  sin*a/2 

The  resolving  power  is 

X  dd  dn  _  dn 
dk  a  dn  dk  dk 

7.11.1.  Dispersing  Prisms.  Figure  7-31  illustrates  examples  of  various  types  of 
dispersing  prisms,  commonly  used  in  spectroscopy.  These  are  the  constant  deviation 
type.  The  Wodsworth  prism,  operating  at  minimum  deviation,  is  used  extensively 
in  infrared  monochromators,  where  for  a  constant  angle  between  the  collimator  and  the 
telescope,  astigmatism-free  images  can  be  obtained  at  various  wavelengths  by  rotating 
the  prism.  The  Littrow  prism  reflects  the  light  directly  back  along  the  direction  from 
which  it  came  (18,19). 


(a)  Constant-Deviation  Prism  (b)  Abbe  Prism 


(c)  Wadsworth  Prism  (d)  Ltttrow  Prism 

Fig.  7-31.  Dispersing  priems. 

7.11.2.  Deviating  Prisms  {181.  Figure  7-32  shows  various  types  of  total  reflecting 
deviating  prisms.  As  shown  in  Fig.  7-32(a),  rays  enter  perpendicular  to  one  of  the 
shorter  faces  of  a  total  reflection  prism,  aits  totally  reflected  from  the  hypotenuse  and 
leave  at  right  angles  to  the  other  short  face.  Such  a  prism  can  be  used  in  two  other 
ways,  as  shown  in  ( b )  and  (c).  The  Dove  prism,  (c),  interchanges  the  two  rays,  and  if 
the  prism  is  rotated  about  the  direction  of  the  radiation  the  rays  rotate  around  each 
other  with  twice  the  angular  velocity  of  the  prism.  The  roof  prism,  (d),  is  similar 
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(a)-Total  Reflection  (bj  Porro 


(c)  Dove  or  inverting 


Fro.  7-32 


(e)  Triple  Mirror 
Deviating  prisms  118). 


to  the  total  reflection  prism  (a),  except  that  it  introduces  an  extra  inversion.  The 
triple  mirror,  (e),  is  made  by  cutting  off  the  corner  of  a  cube  by  a  plane  which  makes 
equal  angles  with  the  three  faces  intersecting  at  that  corner.  It  has  the  useful  prop¬ 
erty  that  any  ray  striking  it  will,  after  being  internally  reflected  at  each  of  the  three 
faces,  be  sent  back  parallel  to  its  original  direction. 

7.11.3.  Prism  Materials.  The  most  common  prism  materials  for  the  infrared  region 
include  crystal  quartz,  rock  salt,  potassium  bromide,  lithium  fluoride,  and  calcium 
fluoride.  These  materials  are  especially  popular  because  of  their  availability  as 
synthetic  crystals  (except  for  quartz,  in  general)  [20). 

Materials  suitable  for  operation  in  the  wavlength  region  beyond  15  n,  include  silver 
chloride,  thallium-bromo-iodide  (KRS-5),  cesium  bromide,  and  cesium  iodide. 

The  choice  of  an  infrared  prism  material  depends  upon  such  characteristics  as  trans¬ 
mission,  refractive  index,  and  dispersion  as  a  function  of  wavelength  and  possibly  of 
temperature.  In  addition,  the  mechanical,  physical,  and  chemical  properties  must 
also  be  considered.  The  properties  of  the  aforementioned  materials  are  discussed  in 
Chapter  8. 

7.12.  Diffraction  Gratings 

A  diffraction  grating  of  the  transmission  type  consists  of  a  large  number  of  small, 
equal-size,  equally  separated  slits;  each  slit  causes  a  diffraction  pattern,  and  the  waves 
from  the  individual  slits  also  interfere  to  form  a  combined  interference-diffraction 
pattern.  The  intensity  can  be  written  as 

_  h  (area)1  sin1/?  sin2  Ny 
K1  D*  f}  uin2y 

,  na  sin  0  .  , 

where  /?  = - - - ;  a  —  slit  width,  0  —  angle  to  image  point 

A 

irdsind  , 

y  = - - - ;  a  =  slit  spacing 


7o  =  intensity  at  grating 
D  =  grating-image  distance 
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Fig.  7-33  Transmission  of  some  mixed  crystals. 


The  girting  equation  *s 

mk  —  d(sin  8  —  sin  6) 

w  ere  m  =  order  of  interfere*  ice 
8  =  angle  of  incidence 
O'  -  angle  of  diffraction 
d  =  slit  separation 
The  angular  dispersion  is 

d8' Id  —  (mid  cos  8') 

The  ret  living  power  is 


—  =  ( k/dk )  =  mN 
kv 


where  v  —  wavenumber. 

7.12.1.  Blued  Gratings.  It  is  possible  to  "blaze’’  a  grating  by  ruling  its  grooves 
so  that  its  sides  reflect  a  large  fraction  of  the  incoming  radiation  of  suitably  short 
wavelengths  in  one  general  direction.  Controlled  groove  shape  is  especially  important 
in  the  gratings  known  as  echelettes  and  echeUes.  In  these  gTatings  the  grooves  are 
ruled  with  one  face  optically  flat.  This  face  is  inclined  at  an  angle  </>  (see  Fig.  7-34) 
to  reflect  or  refract  most  of  the  incident  radiation  in  a  desired  direction.  Ir.  this  way, 
the  grating  concentrates  radiation  in  a  particular  spectral  order,  producing  a  brighter 
image  than  an  ordinary  diffraction  grating. 


(a)  Rejecting  Grating  (b)  Transmission  Graiing 

Fig.  7-34.  Reflection  and  transmission  of  gratings  i  18, IS]. 
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7.12.2.  Concave  Gratings.  This  type  of  grating  consists  of  a  concave  mirror 
with  ruled  lines  spaced  equally  along  a  chord  across  its  center  (Fig.  7-35)  Radiation 
that  passes  through  a  slit  and  falls  on  such  a  grating  is  dispersed  by  it  nto  spectra, 
in  accordance  with  the  standard  grating  f  rmula.  The  concave  grating  requires  no 
separate  collimator  or  objective,  since  it  is  both  a  dispersing  and  a  focusing  element. 


Fig.  7-35.  Rowland  circle  focal  curve 
of  a  concave  grating  (21]. 


Concave  gratings  have,  the  advantage  of  focusing  the  radiation,  thus  eliminating 
the  necessity  for  auxiliary  lenses  which  introduce  aberrations  although  the  gratings 
suffer  aberrations,  principally  astigmatism 
The  focus  for  the  spectrum  from  a  concave  grating  is  given  by  the  formula 


/cos  i 
V  P 


cosJ  i 
~S~ 


where  i  and  r  are  the  incident  and  reflected  angles 

p  is  the  radius  of  curvature  of  the  concave  blank 
S  is  th*>  siit-to-grating  distance 

S  '  is  the  distance  from  the  grating  to  the  imege  of  the  spectrum 

This  equation  can  be  satisfied  by  setting  S  =  p  cos  i  and  S'  =  p  cos  r,  the  polar  equa¬ 
tions  for  a  circle  of  diameter  p,  containing  the  points  S,  S and  G,  which  is  shown  in 
Fig.  7-35  as  the  familiar  Rowland  circle. 

7.12.3.  Ebert-Fastie  Plane  Grating  Mountings  [21].  Figure  7-36(a)  shows  tl 
original  Ebert  [22]  mounting,  which  was  modified  by  Fastie  [23]  as  shown  i  f  ,4. 
7-36(6).  Both  mountings  can  be  designated  as  "side-bv-side"  designs;  the  entiant 
rays  are  on  one  side  of  the  grating,  the  emergent  rays  on  the  other.  Figv.re  7-36 ic) 
is  an  "under-over”  design.  The  entrant  rays  p.iss  below  the  grating  and  the  emergent 
rays  pass  above. 

7.12.4.  Concave  Grating  Mountings  [21].  Figure  7-37  shows  different  mountings 
for  the  concave  grating  designed  to  maintain  slit,  grating,  and  plate-  or  film-holder 
on  the  Rowland  circle  (Fig.  7-36). 

The  Rowland  mounting,  Fig.  7-37 (a),  utilizes  the  geometric  piinciple  thrt  the  locus 
of  the  apex  of  a  series  of  right  triangles  having  a  common  hypotenuse  is  a  circle  having 
the  h  ;  otenuse  as  a  diameter.  The  grating,  C,  and  plateholder,  P,  are  fixed  on  opposite 
ends  of  a  rigid  bar,  which  forms  the  hypotenuse  and  the  diameter  of  the  Rowland 
circle.  The  slit,  S,  is  placed  at  the  intersection  of  two  tracks.  SP  and  SG,  which  are 
carefully  constructed  at  right  angles.  Rollers  under  G  and  P  ere  constrained  to  travel 
along  SG  and  SP,  so  that  as  the  bar,  GP,  is  moved,  the  grating  remains  on  the  optical 
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(c) 


Fig.  7-36.  Plane  grating  mountings;  (a)  original  Ebert  design;  (6)  Faetie 
modified  "side-by-side’  design;  (c)  Fastis  modified  "over-under”  design  [21]. 


(a)  Hov.  i  nd 


(b)  Pase!:»n-Rur.ge 


(r,  Abney 


(e)  Beut'er  Radius 


(g)  beya-Namioka 


(d;)  Eagle 


(f)  Wadowortb 


(h)  Grazing  InMdence 


Fic  7-37.  Concave  grating  mountings  (211. 


axis  fixed  by  the  condensing  system,  and  the  Rowland  circle  moves  to  coincide  with 
all  three  optical  elements  [24]. 

The  Paschen-Hunge  or  Paschen  moum;ng,  Fig.  7-3  rib),  usually  consists  of  large 
circular  tracks  21  or  35  feet  in  diameter,  which  are  built  in  a  room  that  can  be  temper¬ 
ature  stabilized  and  darkened.  Plnteholder?  can  be  clamped  to  these  tracks  where 
desired.  Tre  slit  mounts  protrude  through  a  wall  into  an  adjoining  room  where  the 
excitation  equipment  and  light  sources  are  located  (251. 
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In  th  Abney  mounting,  Fig.  7-37 (c),  the  plateholder  ;3  mounted  on  the  normal 
to  the  grating.  The  3lit  is  mounted  on  an  arm  rotating  about  the  center  of  the  Row¬ 
land  circle  to  change  the  wavelength  range.  The  slit  assembly  must  also  be  rotated 
about  an  axis  below  the  slit  opening  itself,  so  that  the  source-slit  axis  will  still  point 
at  the  grating  (2-3). 

For  the  Eag'?  mounting,  Fig.  7-37  d),  three  independent  mechanical  adjustments 
are  required  to  maintain  the  elements  on  the  Rowland  rrcle. 

(1)  The  grating  must  be  rotated  to  change  the  wavelength  range. 

(2)  The  grating  must  be  moved  along  the  optical  axis  to  maintain  the  focus. 

(3)  The  plateholder  must  be  tilted  about  ar,  axis  under  the  slit  to  remain  in  focus 
across  its  length  [27], 

In  the  Beutler  radius  mounting,  Fig.  7-37(e„  the  slit  and  plateholder  are  mounted 
permanently  on  the  Rowland  circle,  and  the  grating  is  mounted  on  an  arm  which  rotates 
about  the  center  of  the  Rowland  circle  [28], 

For  the  Wadsworth  mounting,  Fig.  7-37(/'),  the  focal  distance  it  half  the  radius 
of  curvature,  the  individual  elements  are  not  located  on  the  Rowland  circle,  and  a  second 
optical  element  is  introduced  in  .he  form  of  a  concave  collimating  mirror.  This  arrange¬ 
ment  produces  a  stigmuiic  image  and  a  linear  dispersiv.  ,  as  in  the  Rowland  and  Abi.ey 
mountings.  The  concave  mirror  is  mounted  at  its  focal  distance  from  the  Blit  tilted 
slightly  off  axis  to  irradiate  the  grating  with  parsUel  light.  The  grating  may  be  located 
either  side  of  the  optical  axis,  as  ciose  to  it  as  possible  to  minimize  aberrations.  The 
plateholder  is  located  on  a  bar  whose  axis  forms  the  normal  to  the  grating.  To  change 
the  range  tc  higher  wavelengths,  the  bar  is  rotated  away  from  the  mirror  about  an 
axis  under  the  grating  face.  The  plateholder  must  be  moved  away  from  the  grating 
to  remain  in  focus.  In  any  position  of  the  plateholder  the  shorter  wavelength  radiation 
is  nearest  to  the  concave  mirror  [291. 

Seya-Namioka  mounting,  Fig.  7-37 (g),  is  based  on  the  principle  that  if  the  angle 
between  the  entrant  and  emergent  rays  in  a  spectrometer  is  70“  15’  there  will  be  such 
slight  defocusing,  if  the  grating  is  merely  rotated  about  its  own  vertical  axis,  that  the 
image  would  be  entirely  acceptable  for  scanning  monochromator  usago  [3C) 

Grazing  incidence  mounting,  Fig.  7-37(A),  [31],  operates  on  the  principle  that,  if 
a  grating  iB  illuminated  at  grazing  incidence,  the  short-wavelength  (below  1000  A) 
radiation  will  be  totally  reflected.  Angles  of  inc.dencc-  as  high  as  85-89°  have  been 
employed  to  observe  wavelengths  ns  low  a3  53  A  [32)  or  even  1?  1  A  [33). 

7.12.5.  Production  of  Gratings.  Gratings  are  engraved  by  highly  precise  ruling 
engines  which  use  a  diamond  tool  to  press  a  series  of  many  thousands  of  fine  shallow 
burnished  grooves  into  a  smooth  metallic  surface. 

Gratings  for  the  range  150C  to  10,000  A  are  commonly  ruled  with  5000  to  30,000 
grooves  per  inch  the  usual  value  is  near  15,000),  on  a  thin  layer  of  aluminum  de¬ 
posited  on  glasi  by  evaporation  in  vacuum.  Gratings  for  the  infrared  region  are  also 
ruled  on  gold,  silver,  copper,  lead,  or  tin  mirrors  with  coarser  groove  spacings. 

Gratings  cf  2-in.,  4-i>-  or  6  in.  ruled  width  are  commonly  used  in  commercial  spec¬ 
trographs  wi  n  projection  distances  of  20-180  in.  In  large  research  instruments, 
gratings  of  6-  to  10-in.  ruled  width  are  used  with  projection  distances  of  10-50  ft  or 
more.  The  largest  modem  gratings,  used  in  their  highest  orders,  show  resolving 
power  A Ihk  in  excess  of  900,000  in  the  green  region  of  the  spectrum,  and  in  excess  of 
1 .5  x  10  at  shorter  wavelength.  5  lere  >.  is  the  mean  wavelength  of  two  closely  spaced, 
just-rey'vable  spectral  lines  c'nd  bk  is  their  wavelength  diffe:  ?noe. 
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8.  Optical  Materials 


8.1.  Introduction 

Data  on  optical,  mechanical,  thermal,  and  chemical  properties  of  infrared  optical 
materials  are  presented  here.  For  additional  information  see  [1],  publications  of 
the  various  manufacturers  of  optical  materials,  and  the  references. 

8.2.  Types  of  Materials 

Optical  materials  in  current  use  include  glasses,  crystals,  plastics,  and  hot-pressed 
materials.  The  crystals,  natural  and  artificial,  are  dielectric  and  semiconducting. 

8.2.1.  Glasses.  Most  optical  glasses  transmit  into  the  infrared  only  to  a  wave¬ 
length  of  about  2.7  g  and  then  fairly  strong  absoi  ption  sets  in:  beyond  about  4  glasses 
have  no  appreciable  tiansmission.  Figure  8-1  shows  the  transmission  of  several 
infrared-transmitting  glasses  that  dc  not  demonstrate  a  strong  "water  band”  absorp¬ 
tion  at  2.8  /x  Kut  exhibit  a  slower  dropoff  in  transmission  in  the  3 ~n  to  4 ~n  region. 
Figure  8-2  is  the  standard  nr  curve  tor  ordinary  glasses,  that  is,  the  refraction,  for 
the  D-line  plotted  against  r  -  tin  \l(nf  —  n>  ). 

8.2. 1.1.  High-Silica  Glasses  and  Fused  Quartz.  The  names  fused  quartz  silica 
glass,  fused  silica,  etc.,  now  mean  about  the  same  thing:  amorphous  mixtures  that  arc- 
almost  entirely  silica.  Originally  the  names  differentiated  among  natural  and  syn¬ 
thetic  materials.  Some  special  silicate  glasses  recover  transmission  beyond  the  2.8 -g 
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Fig.  8-2.  Dispersion  region  for  st  *.ndard  glasses. 


Fig.  8-3  The  transmission,  of  some  high-silica  glasses  (fror>-.  company  data  sheetsi. 

absorption  band  and  give  reduced  transmission  out  m  about  5  /x.  This  performance 
is  illustra  ed  by  the  transmission  curve  in  Fig.  8  i  for  Coming  No  186SJ,  which  is  a 
lead  silicate  glass.  The  properties  of  tused  p'.id  crystal  quartz  are  given  in  11].  Ex¬ 
amples  of  the  properties  of  a  number  of  commercial  varieties  (obtained  from  manu¬ 
facturers’  brochures  and  private  communications)  are  given  below  to  provide  useful 
data  and  illustrate  the  small  variation  in  most  of  the  physic,  constants  among  the 
glasses  and  the  drastic  difference  from  these  in  the  propeities  of  fused  quartz. 

Most  of  the  useful  physical  properties  are  listed  in  Table  8-1.  Variations  in  glasses 
are  obtained  l  v  use  of  different  purifications  and  by  different  anneabng  procedures. 
The  transmission  of  the  Gampl*»s  from  the  principal  suppliers  (Coming,  Dynasil,  Engel¬ 
hard,  General  Electric,  Heraeus,  and  Sawyer)  are  given  in  Fig.  8-3.  The  2-miv  Vycor 
sample  is  from  Cormng;  Infrasil  is  from  Engelhard;  GE  103,  105,  and  106  are  from  the 
General  Electric  lump  Glass  Department  (the  GE  102  and  104  have  in  addition  to 
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these  curves  a  narrow,  deep  2.8-p  absorption;;  Suprasil  is  the  best  of  the  Feraeus, 
fused  silicas;  the  Sawyer  material  is  virtually  identical  to  Infrasil;  and  the  Dynasil  is 
similar  to  Infrasil  but  with  a  deep  absorption  at  2.8  p.  Sometimes  this  absorption  can 
be  alleviated  by  careful  attention  to  water  elimination  during  preparation. 

8.2. 1.2.  Silicate  Glasses.  The  National  Bureau  of  Standards  in  its  studies  of  in¬ 
frared-transmitting  glasses  has  produced  some  silicates  with  fairly  good  transmission 
beyond  the  OH  band  at  2.8  p.  One  example  is  giver,  in  Table  8-2.  Actually  this  is 
a  composite  set  of  properties  (taken  from  the  NB3  report  series)  and  indicative  of 
no  particular  glass  The  properties  of  individual  samples  will  approximate  these 
values  but  change  with  variation  in  composition. 

8.2.1.3.  Germanate  Glasses.  The  properties  of  several  varieties  of  germanate  glasses 
are  displayed  in  Tables  8-2  and  8-3  and  Figs.  8-4  and  8  -5  The  properties  of  individual 
samples  will  approximate  the  values  given  but  change  with  variation  in  composition. 

8.2. 1.4.  Calcium  Aluminate  Glasses.  Bausch  and  Lomb  RIR-2,  -10,  -11,  -12,  and 
-20,  GE  Lucalox,  and  Barr  and  Stroud  36A  (old  type)  and  37B  are  all  types  of  calcium 
aluminate  glass.  Properties  are  given  in  Tables  8-2  ar.d  8-4  and  Fig  8-6  The  2.8-u 
abso.  ption  band  can  be  eliminated  by  careful  attention  to  humidity  during  preparation, 
e.g.,  by  vacuum  melting. 

8.2.1.5.  Nonoxide  Glasses.  Arsenic- modified  selenium  glass,  arsenic-sulfur  glass, 
and  other  nonoxide  glasses  are  not  restarted  to  those  containing  the  silicate  or  alumi¬ 
nate  radical.  They  are  described  in  [1].  Some  newer  materials  include  mixtures  of 
Se,  Te,  S,  As,  Ge,  and  a  few  other  heavy  atoma.  Reports  on  these  materials  can  be 
found  in  12 j  and  [3). 


Table  8-3.  Refractive  Index  cf 
National  Bureau  of  Standards  F998 


Wavelength 

Germanate  Glasses 

Wavelength 

Germanate  Glasses 

F998 

<M> 

F998 

0.4358 

1.88997 

1.9701 

— 

0.4861 

1.87470 

2.1526 

1.81364 

0.5461 

1.86242 

2.2493 

— 

0.5780 

1.85755 

2.3126 

1.81151 

0.5893 

1.85597 

2.4374 

1.81000 

0.643? 

1.84986 

2.5947 

1.80797 

0.65S3 

1.84866 

2.6385 

1.80680 

0.8521 

l.bo632 

2  998 

— 

1.0140 

1.83082 

3.3033 

1.79706 

1.1287 

1.82801 

3  422 

1.79490 

1.3622 

1.82374 

3.5078 

1 .79345 

1.5295 

1.32142 

4.225 

— 

1.S606 

— 

4.253 

1.77863 

1.6932 

1.81930 

4.281 

— 

1.7012 

— 

5.138 

1.75437 

5.343 

1.74805 
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Fig.  8-4.  Transmisaion  cf  several  germanate  glass-^ 
(from  company  data  sheets  ard  NBS  reports 


F;g.  8-5  Index  of  refraction  of  Corning 
No.  9752  glass. 


f 
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Table  8-4  Refractive  Index  of  Rausch  and  Lomb  Calcium  Aluminatk  Glasses 


Wavelength 

(m) 

RIR-10 

RIR-11 

RIR-12 

R1R-2 

RIR-20 

0.4047 

_ 

— 

— 

1.82800 

1.91449 

0.4341 

— 

— 

— 

1.81806 

1.90155 

0.4059 

— 

— 

— 

1.81746 

1.9)082 

0.4861 

1.66057 

1.67887 

1.66647 

1.80536 

1 .88529 

0.5461 

1.65385 

1.67109 

1.65919 

1.79558 

1.87274 

0.5876 

_ 

_ 

— 

1.79060 

1.86639 

0.5893 

1  65022 

1.63699 

1.65532 

1.79041 

1.86616 

06563 

1.64588 

1.66239 

1.65085 

1  78443 

1.85866 

1.0140 

l.fco52 

1.6506 

1.6397 

1.76988 

1.84044 

1.1287 

1.6334 

1.6486 

1.6378 

1.76741 

1  8 '1762 

1.3620 

1.6304 

1.6455 

1.6346 

1.76343 

1.83333 

1.5295 

1.6285 

1.6435 

1  6308 

1.76104 

1.83000 

1.6606 

1.6271 

1.6420 

1.6313 

1.75920 

1.82909 

1.8131 

1.6255 

1.6404 

1.6297 

1.75718 

1.82722 

1.9701 

1.6238 

1.6386 

1.6280 

1.75503 

1.82527 

2.1526 

1.6216 

1.6364 

1.6259 

1.75238 

1.82290 

2.2493 

— 

— 

— 

1.75103 

1.82183 

2.3254 

1.6196 

1.6344 

1.6239 

1.74984 

1.82073 

2.4374 

1.6182 

1.6329 

1.6224 

1.74806 

1.81924 

2.577 

— 

1.6310 

1.6206 

1.74582 

1.81732 

WAVELENGTH  (u) 


Fig.  8-6.  Transmission  of  several  calcium  aluminate  glasses;  thickness, 
2  mm  (from  company  data  aeets  and  NBS  reports). 
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8.2.2.  Semiconductor  Crystals  The  cuton  wavelength  and  the  transmittance  of 
semiconductors  are  functions  of  temperature  (Fig.  8-7)  and  purity  (Fig.  8-8  .  Figure  8-9 
shows  the  transmission  of  various  semiconducting  materials. 

By  thei  •  bosic  nature  semiconducting  materials  have  small  energy  gaps  which 
correspond  to  cuton  wavelengths  in  the  infrared.  Increasing  the  temperature  of  the 
material  in  effect  narrows  the  gap,  thereby  increasing  the  cuton  wavelength.  It  also 
increases  the  probability  that  electrons  can  have  energies  characteristic  of  the  conduc 
♦ion  band.  Many  additional  data  will  be  found  in  [i]  and  in  the  several  journals  on 
solid-state  physics. 


0  2  4  8  8 


WAVELENGTH  (jj) 

Fig.  87  Effect  of  temperature  on  semiconductor 
transmission;  sample  is  1.17  mm,  30  ft  cm  Ge. 


v  VELENGTH (w 

Fig.  8-8.  Effect  of  purity  on  semiconductor 
transmission,  sample*  are  0.2  mm  7  x  10' s 
fl  cm  InSb  and  0.2  mm,  2  5  x 10*  fi  cm  InSb. 


Fig.  8-9.  Transmission  of  selected  semiconductor  materials. 
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Fig.  3-10.  Transmission  of  polyethylene; 
thickness,  0  i  mm. 


Fig.  8-11.  Transmiesion  of  Plexiglas; 
thickness,  0.2  mm 

1 


8.2.3.  Plastics.  Among  the  common  plastics  usrxi  for  infrared  applications  are 
polyethylene  and  polymethylmethacrylate  (available  commercially  as  Lucite  or  Plexi- 
g’as  respectively),  t  ransmission  curves  of  these  two  materials  are  shown  in  Figs.  8-10 
and  8-11.  Tnese  curves  are  representative  of  the  transmission  of  thin  films  of  many 
different  plast.cs.  Except  for  narrow  bands,  where  only  a  small  amount  of  energy  is 
absorbed,  and  for  broader  bands  in  some  materials,  the  transmission  is  relatively  good. 
For  thicker  samples,  however,  the  regions  of  small  absorption  deepen  rapidly  and  widen 
considerably,  and  the  absorption  becomes  so  great  that  the  material  may  no  longer 
be  satisfactory  for  the  intended  use.  Table  8-5  shows  the  wavelengths  at  which  various 
molecules  and  molecular  groups  absorb  infrared  radiation.  These  wavelengths  are 
the  characteristic  absorption  bands  of  the  bonds  or  groups  noretl. 

Table  8-5.  Absorption  Wavelength? 
of  Characteristic  Groups  [1] 

Wavelengths  cf 
Absorption 

(M) 

2.8 

3.03,  6.12,  6.46 

3.4,  6.81 
5.75 

7.26,  7.71 
8,  9.74 

9  (broad),  13.47-14.20 
14-15 

4.5,  9.5 
-6.5 

-5.5,  11.6 

i 

i 


Molecular  roup 

0  -H 

N-H 

C-H 

Carbonyl 

Methyl 

Ester 

C-0 

C-Ci 

Si  O 

Al-0 

Ge-0 
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Kc!-F,  a  polymer  of  trifluorocliloroethylene,  is  used  for  windows  and  coatings  although 
in  thicknesses  greater  than  about  0.25  in.  it  is  difficult  to  manufacture  with  suitably 
high  transmission.  It  has  a  low  thermal  conductivity,  and  its  refractive  index  may 
vary  throughout  a  sample.  The  transmittances  of  two  different  thicknesses  of  Kel-F 
are  shown  in  Fig.  8-12. 


8.2.4.  Some  Recent  Hot-Pressed  Samples.  Data  are  now  becoming  available 
on  various  hot-pressed  materials.  Irtran-1  and  -2,  Eastman  Kodak  products,  are 
described  in  the  supplement  of  [21.  Irtran-3,  another  Kodak  product  is  pressed  CaF*; 
it  has  basically  the  same  transmission  and  refractive  index  as  th  single  crystal. 
Irtran-4,  pressed  ZnSe  transmits  ic  about  20  /x  (0.04-in  sample  transmits  50%  at 
21  /x)  with  a  dip  at  9  /x.  Harshaw  has  juet  announced  T-12,  a  milkj  white  sample  ..hat 
is  apparently  hot  pressed.  Few  data  are  available  on  its  composition  and  properties. 

8.3.  Comparisons  of  Material  Properties 

8.3.1.  Transmission  Region.  Figure  8-13  shows  the  transmission  regions  of  .nosf 
of  the  infrared  optical  materials.  The  white  bars  represent  the  wavelength  region 
in  which  r  particular  material  transmits  appreciably. 

The  limiting  wavelengths,  for  both  high  and  low  cutoff,  are  arbitrarily  chosen  as 
that  wavelength  at  which  a  sample  of  2-mm  thickness  has  10%  external  transmittance. 
For  some  cases  this  criterion  is  insufficient,  such  as  in  the  consideration  of  semicon¬ 
ducting  materials  v/here  purity  and  temperature  must  also  be  specified.  Some  semi¬ 
conductors  violate  the  criterion  in  another  way:  materials  such  as  indium  anti mon ids 
have  an  external  transmittance  of  less  than  10%  for  a  2-mm-thick  sample  ever.  in 
their  most  transparent  regions;  these  are  indicated  by  an  asterisk  (*). 

Several  different  "endings”  ire  used  for  the  bars  of  the  chart  in  Fig.  8-13.  Each 
has  a  specific  meaning:  a  bar  with  a  straignt  vertical  ending  indicates  that  the  cutoff 
exists  at  the  wavelength  represented  by  the  end  of  the  bar  exactly  as  defined  above; 
a  bar  with  an  S-shape  ending  represents  a  material  which  cuts  off  at  approximately 
that  wavelength;  a  bar  ending  in  an  angle  indicates  that  the  material  transmits  at  least 
to  that  wavelength,  and  probably  further.  Measurements  made  on  materials  in  tnis 
last  group  have  not  been  made  to  sufficiently  long  or  sufficiently  short  wavelengths 
to  determine  the  cutoff. 
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Fig  8-13.  Transmissir  ~  regions  of  optical  material*,  2  mm  thickness;  cutoff  is  defined 


as  10  percent  external  transmittance,  and  materials  marked  with  an  asterisk  never  have 


external  transmittance  as  high  as  10  percent. 
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8.3.2.  detractive  Index.  Figure  S-14  promts  curves  of  refractive  index  versus 
wavelength  and  illustrates  the  range  of  the  refractive  indices  of  many  or  the  materials. 
For  crystals  whose  refractive  index  varies  with  direction,  only  the  refra  tive  indax  cor¬ 
responding  to  the  ordinary  ray  has  been  plotted.  The  refractive  indices  of  tellurium 
for  both  the  ordinary  and  extraordinary  rays  have  been  omitted  because  of  their  ex¬ 
tremely  high  values  (approximately  6.237  and  4,789,  respectively  at  12  fi). 


8.3.3.  Dispersion.  The  data  of  Fig.  8-14  are  plotted  in  Fig.  8-15  to  show  the  rate 
of  change  of  the  refract’ ve  index  versus  wavelength 


Fig.  8-15.  dnld\  versus  A  for  selected  materials. 
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The  dispersion  in  the  desired  wavelength  .nt^rval  can  be  determined  from  Figs.  8-14 
and  8  15.  If  greater  accuracy  is  required,  the  dispersion  can  be  calculated  from  the 
refractive  index  information  contained  in  this  chapter. 

8.3.4.  Dielectric  Constant.  Values  for  the  dielectric  constant  as  a  function  of 
frequency  and  temperature  are  given  in  Table  u-6.  These  values  are  the  relative 
dielectric  constants  of  materials,  that  is.  the  ratios  of  the  dielectric  constants  of  the 
material  to  that  of  a  vacuum.  They  include  measurements  taken  at  microwave  fre¬ 
quencies  and  indicate  such  peculiarities  as  variation  with  orientation.  Since  dielectric 
properties  depend  upon  purity,  particularly  in  semiconductors,  the  purity  of  the  sample 
measured  is  given,  where  available. 

When  the  dielectric  constant  is  measured  with  the  electric  field  parallel  to  the  c  axis 
(the  optic  axis),  the  measurement  is  identified  with  a  superscript  p\  when  the  4  jctric 
field  is  perpendicular  to  the  optic  axis,  the  measurement  is  identified  with  a  "v./orscript  s. 


Table  8-6.  Dielcc^ric  Constant  or  Optical  Materials  [1] 


Material 

Dielectric 

Frcauency 

Temperature 

Remarks 

Constant 

tepu) 

CC' 

Fused  silica  (SiO,) 

3.70 

10*  to  10'* 

25 

Silica  glass 

381 

10* 

20 

Crystal  quarts  (SiO.) 

4  27* 

10' 

17  to  22 

4.34* 

10’ 

17  to  22 

Potassium  chloride  (KC1) 

4.64 

10* 

29.5 

Potassium  bromide  (KBr) 

4.90 

10*  to  10>* 

25 

Potassium  iodide  (KI) 

4.94 

10* 

- 

Cesium  iodide  (Csl) 

5.65 

10* 

26 

Sodium  chloride  (NaCl) 

590 

10*  to  10'* 

25 

Amoiphous  selenium  (Se) 

6.00 

10*  to  10" 

26 

Sodium  fluoride  (NaF) 

6.0 

10* 

19 

Selenium  crystal  (Se) 

6.0 

10*  to  10" 

- 

Cesium  bromide  (CsBr) 

6.51 

10* 

25 

Calciv-m  fluoride  (CaF,) 

676 

10* 

- 

Sodium  nitrate  'NaNO.l 

6.85 

10* 

a  J 

Mica,  glass  bonded,  uyecuon 

6  9  to  9  2 

10° 

Room 

Barium  fluoride  (BaF>) 

7.33 

10* 

- 

Calcite  (CaCO,) 

8.5- 

10* 

17  to  22 

8.0a 

10* 

17  to  23 

Sapphire  (AliO,l 

10.5V 

10*  to  10* 

25 

8.6* 

10*  to  10'* 

25 

Arsenic  tnsulfide  glaas  (AstSj) 

8.1 

10*  to  10* 

- 

Spinel  (MgO-3.5AljOi) 

8  to  9 

- 

- 

Lithium  fluoride  (LiF) 

9.00 

10*  to  10'* 

25 

Magnesium  oxide  (MgOl 

9  65 

10*  to  10* 

25 

Cadmium  teiluride  (CdTei 

11.0 

10*  to  10* 

- 

5  5  x  10’*  camerx/cc 

Silicon  (Si) 

13 

10'* 

- 

Silver  chloride  (AgCl) 

12.3 

- 

Room 

Germanium  (Ge) 

16.6 

10- 

- 

9.0  dim -cm  resistivity 

Lead  sulfide  (PbS) 

17  v 

ld* 

15 

Thallium  bromide  (TIBr) 

10*  to  101 

26 

Thallium  bromide-iodide  XRS-5) 

32.5 

10*  to  10' 

25 

Thalh  rr.  chloride  (T1C1) 

31.9 

10* 

- 

Thallium  biomide-chlomle  (KRS-6) 

32 

10*  to  10* 

25 

Potassium  di  hydrogen  phoaphate  (KDP) 

44.5  to  44  3* 

10*  to  10* 

- 

21.4  to  20  2a 

10*  to  10* 

- 

Ammonium  d.  hydrogen  phoaphate  (ADP) 

56.4  to  55.!)* 

10*  to  10* 

- 

16.4  to  13.7' 

10*  to  10" 

- 

Titardum  dioxide  (TiO«) 

170a 

10*  to  10' 

25 

*6* 

10*  to  10T 

25 

Strontium  titanate  (SrTiOj) 

2V. 

10*  to  19" 

25 

Barium  titanate  (BaTiO,) 

I'M  to  1200 

10*  to  10* 

25 

'Dielectnr  constant  measured  parallel  to  c  axis 
•Dielectric  conatant  measured  perpendicular  to  c  axis 
-Value  not  indicated. 
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8,3.5.  Melting  Temperature.  The  melting  temperature  of  optical  materials  (a 
the  softening  temperature  if  appropriate,  or  for  glasses)  is  given  in  Table  8-7. 

Table  8-7.  Mating,  or  Softening,  Temperature 

of  Optical  Materials  [lj 

Material 

Temperature 

CO 

Amorphous  selenium  (Se) 

35* 

Arsenic  modified  selenium  glass  [SetAs)] 

70* 

Arsenic  trisulfide  glass  (AsjS3) 

210* 

Potassi'un  dihydrogen  phosphate  (XDP) 

252.6 

Sodium  nitrate  (NaN03) 

306.8 

Gallium  arsenide  (GaAn) 

400 1 

Thallium  bromide-iodide  (KRS-5) 

414.5 

Thallium  bromide-cblorHe  (KRS-6) 

423.5 

Thallium  chloride  (T1C1) 

430 

Telli  irium  (Te) 

449.7 

Silver  chloride  (AgCl) 

457.7 

Thallium  bromide  (  '» 

60 

Gallium  phosphide  (GaP) 

500 

Indium  ancimonide  <InSb) 

523 

Cesium  iodide  (Cel) 

62) 

Cesium  bromide  (C«dJr; 

836 

Gall*  urn  antimonide  (GaSb) 

720 

Potassium  iodide  (KI> 

72? 

Potassium  bromide  (KBr) 

730 

Potassium  chloride  (KC1) 

776 

^  odium  chloride  (NaCl) 

801 

Boro  silicate  crown  glass 

820* 

Lead  fluoride  (FbFj) 

855 

lithium  fluoride  (LiF) 

870 

Calcite  (CaC03) 

894.4* 

Cadmium  sulfide  (CdS) 

900+ 

Lead  telluride  (PbTe) 

917 

Germanium  (Ge) 

936 

Indium  arsenide  (InAs) 

942 

Sodium  fluoride  (NaF) 

980 

Cadmium  telluride  (CdTe) 

-1040 

Indium  phosphide  (InP) 

1050 

Lead  selenide  (PbSe) 

1065 

Lead  sulfide  (PbS) 

1114 

Gallium  arsenide  (GaAs) 

1238 

Barium  fluoride  (BaFj) 

1280 

Calcium  fluoride  (CaFj) 

1360 

Silicon  (Si) 

1420 

Crystal  quartz  (SiOj) 

<1470 

Barium  tiianate  (BaTi03) 

1600 

Fused  silica  (SiOj) 

-1710 

Titanium  dioxide  (Ti03) 

1825 

Sapphire  (A1303) 

2030 

Spinel  (MgO-3.5  AI*C»,) 

2030  to  2060 

Strontium  titanate  (SrTi03) 

2080 

Magnesium  oxide  (MgO) 

2800 

•Softenisg  temperature 

jj 

^Sublimation  temperature. 

\ 

IDiieodation  temperature. 

-I 

4 

h 
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8.3.6.  Thermal  Conductivity.  Values  of  thermal  conductivity  for  optical  materials 
are  given  in  Table  8-8.  For  crystals  that  exhibit  anisotropy,  the  orientation  of  the 
heat  flow  with  respect  to  the  c  axis  i  i  noted;  values  are  given  for  the  heat  flow  parallel 
(p)  and  perpendicular  ( s )  to  the  c  axis. 


T>»;ls  8-8.  Thermal  Conductivity  of  Optical  Materials  [1] 


Material 

Thermal 

Conductivity 

Temperature 

CO 

"ordinary” 

Diatomaceous  earth 

[10~4  cal/(cir  sec  C°)] 

1.3 

Arsenic  modified  selenium  glass  [Se(As)] 

3.3 

- 

Arsenic  trisulfide  glass  (AsiSj) 

4.0 

40 

Thallium  bromide-iodide  (KRS-5) 

13 

20 

Thallium  bromide  (TIBr) 

14 

43 

Lead  suifide  (PbS) 

16 

•- 

Thallium  bromide-chloride  (KRS-6) 

17.1 

56 

Thallium  chloride  (T1C1) 

13 

.18 

Ammonium  dihydrogen  phosphate  (A  DP) 

17* 

42 

30* 

40 

Cesium  bron  ide  (CsBr) 

23 

25 

Cesium  iodide  (Csl) 

2" 

25 

Silver  chloride  (AgCl) 

27.5 

22 

Fused  silica  (SiOi) 

28.2 

41 

Potassium  dihydrogen  phosphate  (KDP) 

29* 

39 

32* 

46 

Barium  tita  late  (BaTiOi) 

32 

Room 

Caicite  (CaC03) 

132* 

0 

111* 

0 

Potassium  bromide  (KBr) 

116 

4S 

Tellurium  (Te) 

150 

- 

Sodium  chloride  (NaCl' 

155 

16 

Potassium  chl<  ride  (XC1) 

156 

42 

Crystal  quart)  (SiOi) 

255* 

50 

148* 

50 

Calcium  fluoride  (CaFi) 

232 

36 

Lithium  fluoride  (LiF) 

270 

41 

Barium  flue  rice  (BiF,) 

2.>0 

4  O 

Titanium  dioxide  (liOj) 

300* 

36 

210* 

44 

Spinel  (MgO-3  5  A1303) 

330 

35 

Cadmium  sulfite  (CdS) 

380 

20 

Sapphire  (AljOj) 

600* 

26 

550* 

23 

Magnesium  oxide  (MgO) 

600 

20 

Indium  antimoride  (InSb) 

350 

20 

Germanium  (GO 

1400 

20 

Silicon  (Si) 

3090 

40 

Silver  (Ag) 

10060 

18 

Remark: * 


Ceramic  material 


ft  type,  40  ohm-cm 
reactivity 

p-type 


•Thennal  conductivity  meuurwd  with  hwit  (tow  parallel  to  c  axi*. 

•Thermal  conductivity  measured  with  heat  flow  perpendicular  to  c  ixu. 

-Value  rot  ind’cated. 

8.3.7.  Thermal  Expansion.  Table  8-9  shows  the  linear  coefficient  of  thermal 
expansion  of  various  optical  materials.  For  crystals  exhibiting  anisotropy,  the  orienta¬ 
tion  of  heat  flow  with  respect  to  the  c  axis  is  stated:  v^!’  es  are  given  for  heat  flow 
parallel  (p)  and  perpendicular  (s)  to  the  e  axis. 


I 
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Tasl*  8*9.  Linear  Coktficibnt  o?  Thermal  Expansion 
of  Optical  Matkriais  [1] 


Coefficient  of 

Aivrage 

Material 

Thermal 

Temperature  or 

Expansion 

Temperature  Ran^ 

io-vc° 

(°C) 

Fused  sill's  (SiO*) 

0.5 

?0to  900 

Invar 

0  9 

20 

Silicon  (Si) 

4.2 

25 

Cadmium  sv'fide  (CdS) 

4.2 

27  to  70 

Cadmium  telluride  (CdTe) 

4.5 

5C 

Indium  antimemde  v!r3b) 

4.9 

20  to  60 

Indium  arsenide  (InAs) 

5.3 

— 

Germanium  (Ge) 

5.5  to  61 

25 

Gallium  arsenide  (GaAs) 

5.7 

— 

Spinel  (MgO'3.5AliOs) 

5.9 

40 

Sapphire  (AliOO 

6.7p 

50 

5.0* 

50 

Borosilicate  crown  glass 

9 

22  to  498 

Titanium  dioxide  (TiO,) 

9.19p 

40 

7.14* 

40 

Strontium  titanate  (SrTiOs) 

9.4 

— 

Crystal  quartz  (SiOj) 

7.97» 

0to<K) 

13.37* 

0  to  80 

Sodium  nitrate  (NaN03) 

12p 

50 

11* 

50 

Magnesium  oxide  (MgO) 

13.8 

20  U» 1000 

Copper  (Cu) 

14.09 

-191  to  16 

Tellurium  (Te) 

16.75 

40 

Barium  titanate  (BaTiO*) 

19 

10  to  70 

6.2p 

4  to  20 

1.5.7* 

4  to  20 

Calcium  fluoride  (CaFi) 

24 

20  to  60 

Arsenic  trisulflde  glass  ( As2S3) 

24.6 

33  to  165 

Culcite  (CaC03) 

25" 

0 

-5.8* 

0 

Silver  chloride  (AgCl) 

30 

20  to  60 

Amorphous  selenium  (Se) 

34 

— 

Sodium  fluoride  (NaF) 

36 

Room 

Potassium  chloride  (KC1) 

36 

20  to  60 

Lithium  fluoride  (LiF> 

37 

0  to  100 

Potassium  iodide  (KI) 

42.6 

40 

Potassium  bromide  (KBr) 

43 

20  to  60 

Sodium  chloride  (NaCl) 

44 

-50  to  200 

Cesium  bromide  (CsBr) 

47.9 

20  to  50 

Thallium  bromide-chloride  (XRS-6) 

50 

20  to  100 

Cesium  iodide  (Csl) 

60 

23  b  50 

Thallium  bromide  (TIBr) 

51 

20  to  60 

Thallium  chloride  (T1C1) 

53 

20  to  60 

Thallium  bromide-iodide  (KRS-5) 

58 

20  to  100 

»Tlkerm*l  «xpxc«*on  mMjnirsd  parallel  to  e  Mia 
'Thermal  mtpanaion  meawired  peiuerwijcuiij  to  c  axis. 
-  Value  not  ii.-Aicsteu. 


Remarks 


Ceraniic 
Single  crystal 
Single  crystal 


Estimated 
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8.3  Specific  Heat.  Table  8-10  lists  the  specific  heat  of  optical  materials.  The 
specific  heat  r-t  given  at  constant  presccre  Cp  rather  then  at  constant  volume  Cv,  al¬ 
though  numerical  difference  is  negligible  for  most  purposes. 

8.3.9.  Hardnejs.  Values  of  hardness  for  several  optical  materials  are  given  in 
Table  8-11.  Knoop  values  with  the  indenter  aligned  in  either  the  (100)  or  the  (110) 
direct icr1  are  tabulated.  The  indenter  load  is  given  when  it  is  known.  Where  Knoop 
values  are  not  available,  Moh  or  Vickera  values  are  given. 

8.3.10.  Solubility.  Values  of  the  water  solubility  of  optical  materials  at  various 
temperatures  are  given  in  Table  8-12. 

8.3.U.  Young’s  Modulus.  Value*  of  Young’s  modulus  for  several  optical  materials 
are  given  in  Table  8-13.  The  calculated  values  are  obtained  from  the  values  of  the 
elastic  moduli  by  a  method  described  in  [1]. 


Table  8-10.  Specific  Heat  of  Optical  Materials  [1] 


Material 

Thallium  bromide  (TIBr) 

Tellurium  (Te) 

Cesium  iodide  (Cal) 

Thallium  bromide-chloride  (KRS-6) 
Lead  sulfide  (PbS) 

Thallium  chloride  (T1CP 
Cesium  bromide  (CsBr) 

Germanium  (Ge) 

Potassium  iodide  (KI) 

Barium  *  .tanate  (BaTiOs) 

Silver  chloride  (AgCl) 

Potassium  bromide  (KBr) 
Potassium  chloride  (KC1) 

Silicon  (Si) 

Titanium  dioxide  (TiOj) 

Sapphire  (AljOj) 

Crystal  quartz  (SiO^ 

Cal  cite  (CaCOs) 

Sod  urn  chloride  (NaCl) 

Calcium  fluoride  (CaF*) 

Magnesium  oxide  (MgO) 

Fused  silica  (SiO*) 

•Sodium  nitra.e  (NaNOs) 

Sodium  fluoride  (NaF) 

Li.hium  fluoride  (r.iF) 


Specific  Heat 

Temperature 

CC) 

0.045 

20 

0.0479 

300 

0.048 

20 

0.0482 

20 

0.050 

— 

0.052 

0 

0.083 

20 

0.074 

0  to  100 

0.075 

-3 

0.077 

-98 

0.0848 

0 

0.104 

0 

0.162 

0 

0.168 

25 

0.17 

25 

0.18 

25 

C.188 

12  to  100 

0.203 

0 

0.204 

0 

0.204 

0 

0.209 

0 

0.22 

— 

0.247 

0 

0.26 

0 

0.373 

10 

-Value  not  indebted. 
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Table  8-13.  Young’s  Modulus  Value 
for  Several  C  tical  Materials  [1] 
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Young’s 

Material  Modulus  Remarks 

(10*  psi) 


Cesium  iodide  (Csl) 

Thallium  bromid  -iodide  (KRS-5) 
Cesium  bromide  (CsBr) 

Arsenic  trisulfide  glass  (AsiSa) 

Silver  chloride  (AgCl) 

Thallium  bromide-chloride  (KRS-6) 
Potassium  bromide  (KBr) 

Thallium  bromide  (TIBr) 

Potassium  chloride  (KC1) 

Potassium  iodide  (KI) 

Thallium  chlorine  (T1C1) 

Barium  titanate  (BaTiOj) 

Sodium  chloride  (NaCl) 

Indium  antimonide  (InSb) 

Barium  fluoride  (BaFi) 

Gallium  antimonide  (GaSb) 

Lithium  fluoride  (LiF) 

Calcite  (CaC03) 

Fused  silica  (SiOj) 

Calcium  fluoride  (CaFi) 

Crystal  quartz  (SiO*) 

Germanium  (Ge) 

Silicon  (Si) 

Magnesium  oxide  (MgO) 

Sapphire  (AljOs) 

'Young's  modulus  measured  parallel  to  c  bus. 
‘Young's  modulus  measured  perpendicular  to  c  axis. 


0.769 

Measured  in  fie  ‘ure 

9.3 

Measured  m  flexure 

2.3 

Measured  in  flexure 

2.3 

2.9 

Measured  in  flexure 

3.0 

Measured  in  flexure 

3.9 

Measured  in  flexure 

4.28 

Calculated 

4.30 

Measured  in  flexure 

4.57 

Calculated 

4.60 

Calculated 

4.90 

Single  crystal 

16.50 

Ceramic 

5.80 

Measured  in  flexure 

6.21 

Calculated 

7.70 

Measured  in  flexure 

9.19 

Calculated 

9.40 

Measured  in  flexure 
Minimum  value 

10.50p 

12.80* 

10.60 

11.0 

Measured  in  flexuie 
Minimum  value 

11.1* 

14.1p 

14.9 

Calculated 

19.0 

Calculated 

36.1 

Calculated 

50.0 

8.4.  Material  Data  Useful  for  Lens  Design 

Previous  sections  have  summarized  the  properties  of  optical  materials  useful  for 
windows,  domes,  lenses,  etc.  This  section  includes  equations  that  are  principally 
useful  for  lens  design.  Every  designer  knows  that  Anal  curvatures,  etc  must  be 
calculated  for  the  material  of  an  individual  batch.  Similarly,  there  are  variations 
among  crystal  samples.  The  data  given  below  hold  for  one  measured  sample  and  may 
be  different  for  other  samples. 

8.4.1.  Dispersion  Equations  for  IndMdusl  Materials.  Unfortunately,  not  enough 
data  are  available  to  compare  samples,  and  some  materials  have  not  been  of  ouificient 
interest  to  warrant  calculation  of  the  constants  of  a  dispersion  equation.  The  available 
ones  are  listed  below. 
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optica;,  materials 


Arsenic  Trisulfide  Glass 


K  ,\' 
X*  -  X,1 


Cadmium  Sulfide 
Ordinary  ray. 

Extraordinary  ray: 


Cesium  Bromide 


i  X(*  Xi 

1  0.0225  1.8983678 

2  0.0625  1.9222979 

3  0.1225  0.8766134 

4  0.2025  0.1188704 

5  750.  0.9569903 


n* 


=  5.235  + 


1.819  x  10* 

X*  -  1.651  x  107 


n* 


=  5.239  4 


2.076  x  107 
X*  -  1.651  x  107 


n*  =  5.64G''52  -  0.000003338X*  +  - 


0018612 

X* 


41110.49  Q.029C764 

X*  -  14390.4  +  X*  -  0.024964 


Cesium  Iodide 


n*  —  1  -- 


A  /mX» 
*■'  X*  -  X,* 


Fused  Silica 


i  X, 

1  0.34617251 

2  1.008C886 

3  0.28551800 

4  0.39743178 

5  3.3605359 


n*  =  2.978645  + 


Xi* 

0.0229567 
0.14G6 
0.1810 
0.2120 
161.0 

0.008777808  _ 

X»- 0.010609  96.00000 -Xs 


0.00052701 

0.02.49156 

0.032761 

0.044944 

25921. 

84.06224 


Magnesium  Oxide 

0.02195770 

n*  =  2.956362  -  0. 1062387 X*  -  0. 0000204968 X«  -  — — — 

0.01428322 


Potassium  Bromide 

0.007676 

n 7  -  2.361323  -  0.0031 1497 X*  -  0.000 ,000, 05861 3 X*  + - - - 


C.0156669 
^  X*‘  -  0.0324 


Potassium  Chloride  (for  the  ultraviolet  and  visible) 


n1  =  a* 


M,  Mi 

A*  -  X,*  X*  -  x,» 


AX*  —  h\*.  n*  =  b*  +  — 


A». 


X*  -  X,‘ 


Mt  My 

X*  -  X,*  X,»  -  X* 


£i*  =  2.174967 
Mi  =  0.008344)106 
X,*  =  0.0119082 
Mr  =  0.00698382 


X,*  =  0.0255550 
k  =  0.0005134Sb 
h  =  0.06167587 


6*  =  3.866619 
Mi  =  5569.715 
X,*  =  3292.47 


I 
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Rutile 

Ordinary  ray: 

n*  =  5.913  +  2.441  x  107(A*  -  0.803  x  107) 


Extraordinary  ray: 

n*  =  7.197  +  3.322  x  107/(A2  -  0.8-13  x  107) 
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Silver  Chloride 

n 2  =  4.00804  -  0.00085111A1  -  0.(KKXK'319762A4  f  0.079086/f  X*  -  0.04584) 
Sphalerite 


n1  =  5.164  +  1.208  X  107/(X*  -  0.732  X  107) 
Thall  um  Bromide-Iodide 


^si¬ 

ll 

1 

•» 

c 

KiA2 

X2  -  Xi2 

i 

A  2 

K, 

1 

0.0225 

1.8293958 

2 

0.0625 

1.6675593 

3 

0.1225 

1.1210424 

4 

0.2025 

0.04513366 

5 

27089.737 

12.380234 

8.4.2.  Herzberger  Dispersion  Equation.  Herzberger  and  Salzberg  [4]  have  given 
an  equation  which  uses  as  X,,2  the  value  0  028  p}.  The  eque.ion  is 

n  =  A  +  BL  +  CL 2  +  DA2  -t  EK'  (8-1) 

L  =  (X2  —  0.028)  '.  Values  for  the  constants  A  to  E  and  the  range  of  usefulness  of  the 
equation  are  given  in  Table  8-14.  Residuals  between  these  data  and  measured  values 
ar  e  ±3  x  10  4  or  less  with  a  very  few  exceptions. 


Table  8-14.  Constants  to  be  Used  with  the  Interpolation  Formula 


Wavelength 

No 

Material 

Range 

from 

to 

A 

1 

Fused  quartz 

0.5 

4.3 

1.44902 

o 

C-’c.ua  elurr.inate 

0.6 

4  3 

1.64289 

3 

IR-20 

0.5 

5  0 

1.83450 

4 

S'rontium  titanate 

10 

5.3 

2.283^5 

5 

Magnesium  ox'.ue 

0.5 

5  5 

17:3^0 

6 

Sapphire 

10 

5.6 

1.75458 

7 

Lithium  fluoride 

05 

6.0 

1  38761 

8 

Irtran  1 

1.0 

6.7 

1.37770 

9 

Calcium  fluoride 

0.6 

8.3 

1.42780 

10 

Bariutu  fluoride 

0.5 

110 

1.46629 

11 

Silicon 

.3 

11  0 

3  41696 

12 

Arsenic  tri  ulfide 

0.6 

120 

2.41326 

13 

Irtran  2 

1.0 

13.5 

2  25698 

14 

Germanium 

2.0 

13.5 

3.99931 

Conttanl 


B 

C 

D 

E 

0.004304 

-0.000381 

-0.0025268 

-O.OOOC7722 

0.00786C 

-0.000231 

-0.0022133 

-0.00001598 

0.011834 

-0.000100 

—0.0022288 

-0.00001267 

0.035906 

+0.001666 

-0.0061335 

-0  00001502 

0  006305 

-0.000090 

-0.0031356 

-0.00000770 

0.007149 

-0.001577 

-0.0045380 

-0.00002808 

0.001796 

-0.000041 

-0.0023045 

-9.00000557 

0.001348 

+0.000216 

-0.0015041 

-0.00000441 

0  002237 

-0.000069 

0.0011157 

-0.00030162 

0.002867 

+0.000064 

-0.0006035 

-0.000000455 

0.138497 

+0.013924 

-0.0000209 

+0.000000148 

0055720 

0006177 

-0.0003044 

— 0  00000023.1 

0.032586 

+0.000679 

-0.C905272 

-0.000000604 

0.391707 

+0  16302 

-0  Or  00060 

+0.000000053 

-VALUES 
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Values  are  plotted  in  Fig.  8-16.  The  lines  connect  values  of  v  in  different  spectral 
legions  for  the  ...vUrial. 

Values  of  partial  dispersion  are  also  useful.  They  can  be  easily  calculated  from 
index  data  A  curve  for  15  materials  useful  from  8  /i  tc  15  fi  is  given  in  Fig.  8  17. 
Such  a  curve,  which  is  easily  constructed  for  other  materials,  is  useful  in  the  design 
of  highly  color-corrected  triplet  lenses  (P  is  the  partial  ispersion)  Equations  for 
the  combined  power  of  a  system  of  thin  lenses  (Chapter  9)  show  that  the  differences  in 
v  of  the  first  and  last  elements  should  be  large,  and  that  the  change  in  PAP  should 
be  large.  In  this  case  A P  is  the  difference  between  the  line  connecting  the  curves  for 
two  materials  and  the  third  material 

Another  useful  technique  invented  by  Szeles  and  Cuny  [5]  employs  the  concept  of 
angular  dispersion.  Quantities  are  defined  in  Fig.  8-18,  which  also  given  data  for  a 
number  of  useful  materials. 
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8.4.4.  G  Sums.  In  lens  design,  Con  ady  [6]  defines  and  usee  terms  called  G  sunis. 
Values  for  the  sums  are  listed  in  Table  8-15. 


G„  =  |  (n  —  1) 

G,  =  n*G  o 
G  2  —  (2  n  +  1)G0 
Ga  —  (3n  +  1)G0 


°‘  “ 4  (^T1) 0 


n 


T,_*le  8  15.  Conrady  G  Sums 


N 

G. 

G, 

G, 

G  4 

1.3500 

0.3189 

0.6475 

0.8837 

0.4343 

.3600 

.3329 

.6696 

.9144 

.4447 

.3700 

.3472 

.6919 

.9453 

.4551 

.3800 

.3618 

.7144 

.9766 

.4654 

.3900 

.3768 

.7371 

1.0081 

.4756 

.4000 

.3920 

.7600 

.0400 

.4857 

.4100 

.4076 

.7831 

.0721 

.4958 

.4200 

.4234 

.8064 

1046 

.5058 

.4300 

.4397 

.8299 

.1373 

.5167 

.4400 

.4562 

.8536 

.1704 

.6256 

4500 

.4731 

.8775 

.2037 

.5353 

.4600 

.4903 

.9016 

.2274 

.5451 

.4700 

.5078 

.9259 

.2713 

.5547 

.4800 

.6257 

.96  34 

.3066 

.6643 

.4900 

.5439 

.9751 

.3401 

.5739 

.5000 

.5626 

1.0000 

.3750 

.5833 

.5100 

.5814 

.0251 

.4101 

.5927 

.5200 

.6007 

.0504 

.4456 

.6021 

.53  CO 

.6203 

.0759 

.4813 

.6114 

.5400 

.6403 

.1016 

.5174 

.6207 

.6500 

.6607 

.1275 

.5537 

.6298 

.5600 

.6814 

.1536 

.5904 

.t>390 

.6700 

.7025 

.1799 

.6273 

.6481 

.5800 

.7240 

.2064 

.6646 

.6571 

.5900 

.7458 

.2331 

.7021 

.6661 

.6000 

.7680 

.2600 

.7400 

.6750 

.6100 

.7906 

.2871 

.7781 

.6839 

6200 

.8136 

.3144 

.8166 

.6927 

.6300 

.8369 

.3419 

.8553 

.7015 

.6400 

.8607 

.3896 

.8944 

.7102 

PoCO 

.8848 

.3975 

.9337 

.7189 

6600 

.9093 

.4256 

.9734 

.7276 

.6700 

9343 

.4539 

2.0133 

7''72 

.6800 

.9596 

.4824 

.0C36 

.7448 

.6900 

.9854 

.5111 

.0941 

.7533 

G. 

G, 

G, 

G. 

1.2185 

0.7843 

9.4796 

0.2362 

0.1296 

.2484 

.8047 

.4924 

.2440 

.1324 

.2801 

8251 

5050 

.2534 

.1350 

.3107 

.8454 

.5177 

.2622 

.1377 

.3412 

.8656 

.5303 

.2710 

.1403 

.3714 

.8857 

.5429 

.2800 

.1429 

.4016 

.9058 

.5554 

.2890 

.1454 

.4316 

.9258 

.5679 

.2982 

.1479 

.4614 

.9457 

.5803 

.3074 

.1503 

.4911 

.9656 

.5928 

.3168 

.1528 

.5207 

9853 

.6052 

.3262 

.1552 

.5501 

1.0051 

.6175 

.3358 

.1575 

.5795 

.0247 

.6299 

.3454 

.1599 

.6086 

.0443 

.6422 

.3552 

.1622 

.6377 

.0639 

.6544 

.3660 

.1644 

.6667 

.0833 

.6667 

.3750 

.1667 

.6965 

.1027 

.6789 

.3850 

.1689 

.7242 

.1221 

.6911 

.3952 

.1711 

.7528 

1414 

.7032 

.4054 

.1732 

.7813 

.1606 

.7153 

.4158 

.1753 

.8097 

.1798 

,':274 

.4262 

.1774 

.8379 

.1990 

.7395 

.4368 

.17'- 5 

.8661 

.2181 

.7516 

.4474 

.18]  5 

.8942 

.2371 

.7635 

.4582 

.141.5 

.9221 

.2561 

.7755 

.4690 

.18  >5 

.9500 

.2750 

.7875 

.4800 

.1875 

.9778 

.2939 

.7994 

4910 

.1894 

2.0054 

.3127 

.8114 

.5022 

.1914 

.0330 

.3315 

.8233 

.5134 

.1933 

.0605 

.3502 

.8351 

.5248 

.1951 

.0879 

.3689 

.8470 

.5362 

.1970 

.1152 

3876 

.8588 

.5478 

.1988 

.1424 

.4062 

.8706 

.5594 

.2006 

.1695 

.4248 

.8824 

.6712 

.2024 

.1966 

443J 

.8941 

.5830 

.2041 
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Tabu: 

8-15. 

CoNRADY 

N 

Gi 

Gt 

G’s 

c4 

1.7000 

1.0115 

1.5400 

2.1350 

0.7618 

.7100 

.0381 

.5691 

.1761 

.7702 

.7200 

.0650 

.5984 

.2176 

.7706 

.7300 

.0924 

.6279 

.2593 

.7870 

.7400 

.1202 

.6576 

.3014 

.7953 

.7500 

.1484 

.6876 

.3437 

.8036 

.7600 

.1771 

.7176 

.3864 

.8118 

.7700 

.2062 

.7470 

.4293 

.8200 

.’.800 

.2357 

.7784 

.4726 

.8282 

.7900 

.2656 

.8081 

.5161 

.8363 

.8000 

,2£00 

.8400 

.5600 

.8444 

.8100 

.3268 

.8711 

.6041 

.8525 

.8200 

.3581 

.9024 

.6486 

.8605 

.8300 

.3838 

.9339 

.6933 

.8686 

.8400 

.4220 

.9656 

.7384 

.8765 

.8500 

.4546 

.0975 

.7837 

.8845 

.8600 

.4876 

2.0296 

.8294 

.8924 

.8700 

.5212 

.0619 

8753 

.9002 

.8800 

.5551 

.0944 

.9216 

.9081 

.8800 

.5896 

.1271 

.9681 

.9159 

.9000 

.6245 

.1600 

3.0150 

.9237 

.9100 

.6599 

.1931 

.0621 

.9314 

.9200 

.6957 

.2264 

.1096 

.9392 

.9300 

.7321 

.2599 

.1573 

.9469 

.9400 

.7689 

.2936 

.2054 

.9545 

.9500 

.8062 

.3275 

.2537 

.9622 

.9600 

.8440 

.3616 

.3024 

.9698 

.9700 

.8822 

.3959 

.3513 

9774 

.9800 

.9210 

.4304 

.4006 

.9849 

.9900 

.9602 

.4651 

.4501 

.9925 

2.0000 

200CO 

.5000 

.5000 

1.00  00 

.0100 

.0403 

.5351 

.5501 

.0075 

.0200 

.0810 

.5704 

.6006 

.0150 

.0300 

.1223 

.6059 

.6513 

.0224 

.0400 

.1640 

.6416 

.7024 

.0298 

.0500 

.2063 

.6775 

.7537 

.0372 

.0600 

.2491 

.7136 

.8054 

.0446 

.0700 

.2924 

.749 9 

.8573 

.0517 

.0800 

.3363 

.7304 

QPOA 

.0594 

.0900 

.3806 

.8231 

.9621 

.0665 

.1000 

.4255 

.8600 

4.0150 

.0738 

.1100 

.4709 

.8971 

.0581 

.0311 

.1200 

.5169 

.9344 

.1216 

.0883 

.1300 

.5633 

.9719 

.1753 

.0955 

.1400 

.6104 

3.0096 

.2294 

.1027 

.1500 

.6579 

.0475 

.2837 

1099 

.1600 

.7060 

.0856 

.3384 

.1170 

.1700 

.7547 

.1239 

.3933 

.1242 

.1800 

8039 

.1624 

.4486 

.1313 

.1900 

.8537 

.2011 

.5041 

.1384 

G  Sums  (Continued) 


Gi 

Gi 

G , 

oH 

G, 

2.2235 

1.4618 

0.9059 

0.  >950 

0.2059 

.2504 

.4802 

.9176 

6070 

.2076 

.2772 

.4986 

.9293 

6192 

.20,.. 

.3038 

.5170 

.94  ir 

.8314 

.2110 

.3306 

.5353 

.9526 

.6438 

.2 ’26 

.3571 

.5536 

.0643 

.6562 

.2143 

.3836 

.5718 

.9759 

.6688 

.2159 

.4101 

.5900 

.9876 

.6814 

.2175 

.4364 

.6082 

.9991 

.6942 

.2191 

.4627 

.6263 

1.0107 

.7070 

.2207 

.4889 

.6444 

.0222 

.7200 

.2222 

.515<> 

.6626 

.0338 

.7330 

.2238 

.5411 

.6805 

.0453 

.7462 

.2253 

.5671 

6986 

.0568 

.7594 

.2268 

.5930 

.7165 

.0683 

.7728 

.2283 

.5189 

.7345 

.0797 

.7862 

.2297 

.6447 

.7524 

.0912 

.7998 

.231?. 

.6705 

.7702 

.1026 

.8134 

.2326 

.6962 

.7881 

.1140 

.6272 

.2340 

.7218 

.8059 

.1254 

.8410 

.2354 

.7474 

.8237 

.1368 

.8550 

.2368 

.7729 

.8414 

.1482 

.8690 

.2382 

.7983 

.8592 

.1596 

.8832 

.2396 

.8237 

.8769 

.1709 

.8974 

.2409 

.8491 

.8945 

.1823 

.9118 

.2423 

.8744 

.9122 

.1936 

.9262 

.2436 

.8996 

.9298 

.2049 

.9408 

.2449 

.9248 

9474 

.2162 

.9564 

.2462 

.9499 

,9t*49 

.2275 

.9702 

.2475 

.9750 

.9325 

.2387 

.9850 

.2487 

3.0000 

".0000 

.2500 

1.0000 

.2500 

.0250 

.0175 

.2612 

.0160 

.2£12 

.0499 

.0350 

.2725 

.0302 

.2525 

.0748 

.0524 

.2837 

.0454 

.2537 

.0996 

.0608 

.2949 

.0608 

.2549 

.1244 

.0872 

.306 1 

.0762 

.2561 

.1491 

.1046 

.3173 

.0918 

.2573 

.1738 

.1219 

.3285 

.1074 

.2585 

.1392 

.3396 

.1232 

.2596 

.2231 

.1565 

.3508 

.1390 

.2608 

.2476 

.1738 

.3619 

.1550 

.2619 

.2721 

.1911 

.3730 

.1710 

.2630 

.  AtfvO 

.2083 

.3842 

.1872 

.2642 

.3210 

.2255 

3953 

.2034 

.2653 

.3454 

.2427 

.4064 

.2198 

.266^ 

598 

.2599 

.4174 

.2382 

.2674 

J941 

.2770 

.4285 

.2628 

.2685 

4183 

.2942 

.4396 

.2694 

.2696 

.4426 

.3113 

.4506 

.2362 

.2706 

.4668 

.3284 

.4617 

.3030 

.2717 
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Table  '.’15.  Conrady  G  Sums  (Continued) 


N 

G, 

Lr'i 

G  a 

C,t 

2.2000 

2.9040 

3.2400 

4.5600 

1.1455 

.2100 

.9549 

2791 

.6161 

.1525 

.2200 

3.0063 

.3184 

.6726 

.1595 

.2300 

0583 

.3579 

.7293 

.1666 

.2400 

.UOO 

.3976 

.7864 

.1736 

2500 

.1641 

.4375 

.8437 

.1806 

.2600 

.2178 

.4776 

.9014 

.1875 

.2700 

.2721 

.5179 

.9693 

.1945 

.2800 

.3270 

.5584 

50176 

.2014 

.2900 

.3824 

.5991 

.0761 

.2083 

.3000 

.4385 

.8400 

.1350 

.2152 

.3100 

.4951 

.6811 

.1941 

.2221 

.3200 

.5624 

.7224 

.2536 

.2290 

.3300 

.6102 

.7639 

.3133 

.2358 

.3400 

.6687 

.8056 

.3734 

.2426 

.3500 

.7277 

.8475 

.4337 

.2495 

3600 

.7873 

.8896 

.4944 

.2563 

.3700 

.8476 

.9319 

.5553 

.2631 

.3800 

.9084 

.9744 

.6160 

.2698 

.3900 

.i>699 

4.0171 

.6781 

.2766 

.4000 

4.0320 

.0600 

.7400 

.2833 

.4100 

.0947 

.1031 

.8021 

.2901 

.4200 

.1580 

.1464 

.8646 

.2968 

.4300 

.2220 

.1891 

.9273 

.3035 

.4400 

.2866 

.2336 

.9904 

.3102 

.4500 

.3518 

.2775 

6.0537 

.3168 

.4600 

.4177 

.3216 

.1174 

.3235 

.4700 

.4842 

.3659 

.1813 

.3301 

.4800 

.5513 

.4104 

.2456 

.3363 

.4900 

8191 

.4551 

.3101 

.34.34 

.5000 

.6875 

.5000 

.3750 

.3500 

.5100 

.7566 

.5451 

.4401 

3566 

.5200 

.82G3 

.5904 

.5056 

.3632 

.5300 

.8967 

.6359 

5713 

.3697 

5400 

.9677 

.6816 

.6374 

.3763 

.5500 

5.0394 

.7275 

.7037 

.3828 

.5600 

.1118 

.7736 

.7704 

.3894 

.5700 

.1848 

.8199 

.8373 

.3959 

.5800 

.2586 

.8664 

.9046 

4024 

.5900 

.3329 

.9131 

.9721 

*«.8» 

.6000 

.4080 

.9600 

7.0400 

.4154 

6100 

.4837 

5.0071 

.1081 

.4219 

.6200 

.5602 

.0544 

.1766 

.4283 

.6300 

.6373 

.1019 

.2453 

.434? 

.6400 

.7151 

.1496 

.3144 

.4412 

.6600 

.7936 

.1975 

.3837 

.4476 

.6600 

.8727 

.2456 

.4534 

.4541 

.6700 

.9526 

.2939 

.5233 

.4605 

.6800 

6.0332 

.3424 

5936 

.4639 

.6900 

.1145 

.3911 

.6641 

.4733 

G s 

G  s 

G, 

G , 

G* 

3.4909 

2.3455 

1.4727 

1.3200 

0.2727 

.5150 

.3625 

.4833 

M'-’O 

.2738 

.5391 

.3795 

.4348 

3542 

.2743 

.563! 

.3966 

.5058 

.3714 

.2758 

5871 

.4136 

5168 

.3888 

.2768 

.6111 

.4306 

.5278 

.4062 

.2778 

.6350 

.4475 

.5388 

.4238 

.2788 

.6589 

.4645 

.5497 

4414 

.2797 

.6828 

.4814 

.5807 

.*592 

.2807 

.7066 

.4981 

.5717 

.4770 

.2817 

.7304 

.5152 

.5826 

.4950 

.2826 

.7542 

.5321 

.5935 

.6130 

.2835 

.7779 

.5490 

.6045 

.5312 

.2845 

.8016 

.5658 

.6145 

.5494 

.2854 

.8253 

.5826 

.6263 

.5678 

.2863 

.8489 

.5995 

.6372 

.5862 

.2872 

.8725 

.6163 

.6481 

.6048 

.2881 

.8961 

.6331 

.6690 

.6234 

.2890 

.9197 

.6498 

.6699 

.6422 

.2899 

.9432 

.6666 

.6808 

.6610 

.2908 

.9667 

.6833 

.6917 

.6800 

.2917 

.9901 

.7001 

.7025 

6990 

.2925 

4.0136 

.7168 

.7134 

.7152 

.2934 

.0370 

.7335 

.7242 

.7374 

.2942 

.0603 

.7502 

.7351 

.7568 

.2951 

.0837 

.7668 

.7459 

.7762 

.2968 

.1070 

.7835 

7567 

.7958 

.296/ 

.1303 

.8001 

.7076 

.8154 

2976 

.1535 

.8168 

.7784 

.8352 

.2984 

.1768 

.8334 

.7892 

.8550 

.2992 

.2000 

.8500 

.8000 

.8750 

.3000 

.2232 

.8666 

.8108 

.8950 

.3008 

.2463 

.3832 

.8216 

.9152 

.3016 

.2695 

.8997 

.8324 

.9354 

.3024 

.2926 

.9163 

.8431 

.9558 

3031 

.3157 

.9328 

.8539 

.9762 

.3039 

.3387 

.9494 

.8647 

.9968 

.3047 

.3618 

.9659 

.8754 

2.0174 

.3054 

.3848 

.9824 

.8862 

.0382 

.3062 

.4078 

.9989 

.8969 

.0590 

.3069 

.4308 

3.0154 

.9077 

.0800 

.3077 

.4537 

.0319 

9184 

.1010 

.3084 

.4766 

.0483 

9292 

.1222 

.3092 

.4995 

.0648 

.9399 

.1434 

.3099 

5224 

.0812 

.9506 

.1648 

.3106 

.5^:53 

.0976 

.9613 

.1862 

.3113 

,568i 

.1141 

.9720 

.2078 

.3120 

.5909 

.1305 

.9827 

.2294 

.3127 

.6137 

.1469 

.9934 

.2512 

.3134 

.6365 

.1633 

2.0041 

.2730 

.3141 

344 


OPTICAL  MATERIALS 


Tar>;  S  15.  Conhady  G  Sums  ( Continued ) 


N 

G, 

Gt 

G  a 

g4 

G» 

G. 

o. 

G, 

G» 

2.7000 

6.1965 

5.4400 

7.7350 

1.4796 

4.6593 

3.1796 

2.0148 

2.2950 

0.3148 

.7100 

.2792 

.4891 

.8061 

.4860 

.6820 

.1960 

.0256 

.3170 

.3166 

.7200 

.3626 

.5384 

.8776 

.4924 

.7047 

.2124 

.0362 

.3392 

.3162 

.7300 

.4468 

.5879 

.4987 

.7274 

.2287 

.0468 

.3614 

.8168 

.7400 

.5316 

.6376 

t?  0214 

.5050 

.7601 

.2450 

.0675 

.3838 

.3175 

.7600 

.6172 

.6875 

.0937 

.5114 

.7727 

.2614 

.0682 

.4062 

.3182 

.7500 

.7035 

.7376 

.1664 

.5177 

.7954 

.2777 

.0788 

.4288 

.3188 

.7700 

.7905 

.7879 

.2393 

.5240 

.8180 

.2940 

.0895 

.4514 

.3195 

.7800 

.8783 

.8384 

.3126 

.5303 

.8406 

.3103 

.1001 

.4742 

.3201 

.7900 

.9668 

.8891 

.3861 

5366 

.8632 

.3266 

.1108 

4970 

.3208 

.8000 

7.0560 

.9400 

.4600 

.5429 

.8857 

.3429 

.1214 

.5200 

.3214 

.8100 

.1460 

.9911 

.5341 

.5491 

.9083 

.3591 

.1321 

.5430 

.3221 

.8200 

.2367 

6.0424 

.6086 

.5554 

.9308 

.3754 

.1427 

.5662 

.3227 

.8300 

.3281 

.0939 

.6833 

.5616 

.9533 

3916 

.1533 

.5894 

.3233 

.3400 

.4204 

.1456 

.7584 

.5679 

9758 

.4079 

.1639 

.6128 

.3239 

.8500 

.5133 

.1975 

.8337 

.5741 

.9982 

.4241 

.1746 

.6362 

.3246 

.8600 

.6070 

.2496 

.9094 

.5803 

5.0207 

.4403 

.1852 

.6598 

.3252 

.<5700 

.7016 

.3019 

.9853 

.5866 

.0431 

.4666 

.1968 

.6834 

.3258 

fv»00 

.7937 

.3644 

9.0616 

.5928 

.0656 

.4728 

.2064 

.7072 

.3264 

.8300 

.8927 

.4071 

.1381 

.5990 

.0880 

.4890 

.2170 

.7310 

.3270 

.9000 

.9895 

.4600 

.2150 

.6052 

.1103 

.5052 

.2276 

.7560 

.3276 

.9100 

8.0870 

.5131 

.2921 

.6114 

.1327 

.5214 

.2382 

.7790 

.3282 

.9200 

.1853 

.5664 

.3696 

.6175 

.1551 

.5375 

.2488 

.8032 

.3288 

.9300 

.28*4 

6199 

.4473 

.6237 

.1774 

.5537 

.2694 

.8274 

.3294 

.9400 

.7843 

.6736 

.5254 

.6299 

.1997 

.5699 

.2699 

.8518 

.3:99 

.9600 

.4849 

.7275 

.6037 

.6360 

.2220 

.5860 

.2305 

.8762 

.3305 

.9600 

.5864 

.7816 

.6824 

.6422 

.2443 

.6022 

.2911 

.9008 

.3311 

.9700 

.6886 

.8359 

.7613 

.6483 

.2666 

6183 

.3016 

.9254 

.3316 

9800 

.7910 

.8904 

.8406 

.G544 

.2889 

.6344 

3122 

.9502 

.3322 

.9900 

.8954 

.9451 

.9201 

.6606 

.3111 

.6506 

.3228 

.9750 

.3328 

3.00C0 

9.0000 

7.0000 

100000 

.OOO 

.3333 

.6667 

.3333 

3.0000 

.3333 

.0100 

.1054 

.0551 

.0801 

.6728 

.3555 

.6828 

.3439 

.0250 

.3339 

0200 

.2116 

.1104 

.1606 

.6789 

.3777 

.6989 

.3544 

.0502 

.3344 

.0300 

.3186 

.1659 

.2113 

.6850 

.3999 

.7150 

.3650 

.0754 

.3350 

.0400 

4264 

.2216 

.3224 

.6911 

.4221 

.7311 

.3755 

.1008 

.3355 

.0500 

.5351 

.2775 

.4037 

.697  i 

.4443 

.7471 

.3861 

.1262 

.3361 

.0600 

.6445 

.3336 

.4854 

.7032 

.4664 

.7632 

3966 

.1518 

.3366 

.0700 

.7548 

.3899 

.5673 

.7093 

.4885 

.7793 

.4071 

.1774 

.3371 

.0800 

.8659 

.4464 

.6496 

.7153 

.5106 

.7963 

.4177 

2032 

.3377 

.0900 

.9778 

.5031 

.7321 

.7214 

.5328 

.8114 

.4282 

.2290 

.3382 

1000 

10.0905 

.5600 

.8150 

.7274 

.5548 

8274 

4387 

.2550 

.3387 

.1190 

.2041 

.6171 

.8981 

.7335 

.5769 

.8435 

.4432 

.2-1(1 

.3392 

.1200 

.3185 

.6744 

.9816 

.7395 

.5990 

.8595 

.4597 

.3v  72 

.3397 

.1300 

4337 

■*#*  * 

.  iOLV 

11.0653 

.7  »55 

.6210 

.8755 

.4703 

.3334 

.3403 

1400 

.5498 

.7896 

.1494 

.7515 

.6431 

.8915 

.4808 

.3598 

.3408 

.1500 

.6667 

.8475 

.2337 

.7575 

.6651 

.9075 

.4913 

.3862 

.3413 

.1600 

.7844 

.9056 

.3184 

.7635 

.6871 

.9235 

.5018 

.4128 

.3418 

.1700 

.9031 

.9639 

.4033 

.7695 

.7091 

.9395 

.5123 

.4394 

.3423 

.1800 

11.0225 

8.0224 

.4886 

.7755 

.7311 

.9555 

5228 

.4862 

.3428 

.1900 

.1428 

.0011 

.5741 

.7816 

.7530 

.9716 

.5333 

.4930 

.3433 
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Table  8-15.  Conrad*  G  Sums  {Continued) 


N 

G, 

G, 

Gj 

G, 

Gs 

G, 

G, 

G, 

G. 

3.2000 

11.2641 

8.1400 

li.beuo 

1.7875 

5.7750 

3.9875 

2  5437 

3.5200 

0.3437 

.2100 

.3860 

.1991 

.7461 

.7935 

.7669 

4.0035 

.5542 

.5470 

3442 

.2200 

.6089 

.2584 

.8326 

.7994 

.8189 

.0194 

.5647 

.5742 

.3*47 

.2300 

.6327 

.3179 

.9193 

.8054 

.8408 

.0354 

.5752 

.6014 

.3452 

.2400 

7573 

.3776 

12.0064 

.8114 

.6627 

.0514 

.5857 

.6288 

.5157 

.2600 

.8828 

.4375 

.0937 

.8173 

.3346 

.0673 

.5962 

.6562 

.3462 

.2600 

12.0092 

.4976 

1814 

.3065 

.0333 

.6066 

.6838 

n  i 

.•mu 

.2700 

.1364 

.5579 

2S93 

.8292 

.9284 

.0632 

.6171 

.7114 

.3471 

.2800 

.2646 

.6184 

.3576 

.8351 

9502 

.1151 

.6276 

.7  ,92 

.3476 

.2900 

.3936 

.6791 

.4461 

.8410 

.9721 

.1310 

.6380 

.7670 

.3480 

.3000 

.5235 

.1400 

.5350 

.8470 

.9939 

.1470 

.6485 

.7950 

.3465 

.3100 

.8543 

.8011 

.6241 

.8529 

C  0153 

.1629 

.6589 

.3230 

.3480 

.3200 

.78450 

.8624 

.7136 

.8588 

.0376 

.1788 

.6694 

.6012 

.3494 

.3300 

.9186 

.9239 

.8033 

.8647 

0594 

.1947 

£70(1 

.8734 

.C-4S8 

3  AQt) 

.Guz.i 

.986« 

.8934 

.8706 

.0812 

.2105 

.6903 

.9078 

.3503 

.3600 

13.18454 

9.0475 

.9837 

.8766 

1030 

.2265 

.7007 

.9362 

.3507 

.3600 

.3217 

.1096 

13.0744 

.8824 

.1248 

.2424 

7112 

.9648 

.3512 

.3700 

.4579 

.1719 

.1653 

.8883 

.1466 

.2583 

.7216 

.9934 

.3516 

.3800 

.5950 

.2344 

.2566 

8941 

1683 

.2741 

.7221 

4.02:  :2 

.3521 

.3900 

.7331 

.2971 

.3481 

.9000 

.1900 

.2900 

.7425 

.0610 

.3525 

.4000 

.8720 

.3600 

.4400 

.9059 

.2118 

.3059 

.7529 

.0800 

.3629 

.4100 

14.0119 

.4231 

.5321 

.9117 

2335 

.3217 

,7«34 

.1090 

.3534 

.4200 

.1526 

.4864 

.6246 

.9176 

.2552 

•'376 

.77, 

.1382 

.3538 

.4300 

.2944 

.5499 

.7173 

.9235 

.2769 

.3535 

.7842 

.1674 

.3642 

.4400 

.4370 

.6136 

.8104 

.9293 

.2986 

.3693 

.7947 

.1968 

.3547 

.4600 

.5806 

.6775 

.9037 

.9351 

.3203 

.3851 

.8051 

.*262 

.3551 

.4600 

.7251 

.7416 

.9974 

.9410 

.3420 

.4010 

.8155 

.2558 

.3655 

.4700 

.8705 

.8059 

14.0913 

.9468 

3636 

.4168 

.8269 

.2864 

.3559 

.4800 

15.0163 

.8704 

.1856 

.9526 

.3853 

.4326 

.0363 

.3162 

.3663 

.4900 

.1642 

.9361 

.2801 

.9585 

.4069 

.4485 

.8467 

3460 

.3567 

.5000 

.3125 

10.C00Q 

.3750 

.9643 

.4"86 

4643 

.8571 

.3750 

.3571 

.5100 

.4617 

.0651 

.4701 

.9701 

.4502 

.4801 

8675 

.4050 

.3575 

.6200 

.6119 

.1304 

.5656 

.9759 

.4718 

.4959 

.8780 

.4352 

.3680 

.5300 

.7630 

.1959 

.6613 

.5817 

.4934 

.5117 

.8884 

.4664 

.3584 

.6400 

.9151 

.2616 

.7674 

.9875 

.5150 

.5275 

.8988 

.4058 

.3588 

.5600 

16.0382 

.3275 

.8537 

.9933 

.5366 

.5433 

.9092 

.5262 

.3592 

.6600 

.2222 

.3936 

>304 

.9991 

.5582 

.5591 

.9196 

.6568 

.3596 

.5700 

.3772 

.4599 

15.0473 

2.0049 

.5798 

.5749 

.9299 

.5874 

.3599 

.5800 

.5332 

.5264 

.1446 

.0107 

.6013 

.5907 

.94v« 

.6162 

.3603 

.5900 

.6901 

.6931 

.2421 

.0164 

.6229 

.6064 

.9607 

.6490 

.3807 

.6000 

.8480 

.6600 

.3400 

.0222 

.6444 

.6222 

.9611 

6800 

.3611 

.6100 

17.0069 

.7271 

.4381 

.0280 

.6660 

.6330 

.9715 

.711G 

.3ei5 

.6200 

.1668 

.7944 

.5366 

.0338 

.6875 

.6538 

.9819 

.7’ 422 

36.9 

.6300 

.3276 

.8619 

.6353 

.0395 

.7090 

.6695 

.9922 

.7734 

.3623 

.6400 

.4895 

.9296 

.7344 

.0453 

.7305 

.6853 

i  0036 

.8048 

.3626 

.6600 

.6525 

.9975 

.8337 

.0510 

.7521 

.7070 

.0130 

.8362 

.3630 

.6600 

.8161 

11.0656 

.9334 

0568 

.7736 

.7168 

.0234 

.8678 

3634 

.6700 

.8810 

.1339 

16.0333 

.0625 

.7950 

.7325 

.033-5 

.8994 

.3638 

.6800 

18.1468 

.2024 

.1336 

.0683 

.8165 

.7483 

.0441 

.9312 

.3341 

.6900 

.3137 

.2711 

.2341 

.0740 

.8380 

.7640 

0545 

.9630 

.3645 
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Table  8-15.  Oonrady  G  Sums  ( Continued. ) 


N 

G  , 

«. 

Ci » 

G . 

G  s 

G, 

G, 

G, 

G, 

j.7000 

18.4815 

11  3400 

16.3350 

2.0797 

6.8595 

4.7797 

3.0649 

4.9950 

0.3649 

.7100 

.6504 

.4091 

.4361 

0  iO>" 

.8809 

.7955 

.0752 

5.C270 

.3652 

.7200 

.8202 

.4784 

i?76 

.0911. 

9024 

.8112 

.0856 

.0592 

3666 

.7300 

.9911 

.5479 

.6313 

.0989 

.9238 

.8269 

.0960 

.0914 

.3660 

.7400 

19.1630 

.6176 

.7414 

.1028 

.9452 

.8426 

.1063 

.1238 

.3663 

.7500 

.3359 

.6875 

.8437 

.1083 

.'1667 

8583 

1167 

.1562 

.3667 

.7600 

.5099 

.7576 

.9464 

.1140 

.0881 

.8740 

.1270 

.1888 

.3670 

7700 

.6849 

.8279 

17.04S3 

.1197 

7.0095 

.8897 

.1374 

2214 

.3674 

.7800 

.8609 

.8984 

.1526 

.1254 

.0309 

.9054 

.1477 

2542 

.3677 

.7900 

20.0379 

.9691 

.2561 

1311 

.0523 

.9211 

.1581 

.2870 

.3681 

.8000 

.2160 

12.0400 

.3600 

.1368 

.0737 

.9368 

.1684 

.3200 

.3684 

.8100 

.3951 

.1111 

.4641 

.1425 

.0951 

.9625 

.1788 

.3530 

.3688 

.8200 

.6753 

.1824 

.5686 

.1482 

.1164 

.9682 

.1891 

.3802 

.3691 

.8300 

.7565 

.2539 

.6733 

.1539 

.1378 

.9839 

.1995 

.4194 

.3695 

.8400 

9386 

.3256 

.7784 

.1596 

.1592 

.9996 

.2098 

.4528 

3698 

.8500 

21.1221 

.3975 

.8837 

.136' 

.1805 

5.0153 

2201 

.4862 

O  .  w  * 

.8600 

.3064 

.4696 

.9894 

.1709 

.2019 

.0309 

.2305 

.6198 

.3705 

.8700 

.4919 

.5419 

18.09*2 

.1766 

2232 

.0406 

.2408 

.5534 

.3708 

.8800 

.6783 

6144 

.2016 

1823 

.2445 

.0623 

.2511 

.5872 

.371.1 

.8900 

.8659 

.6871 

.3081 

.1879 

.2659 

.0779 

.2615 

.6210 

.371S 

.9000 

22.0546 

.7600 

.4150 

.1936 

.2872 

.0936 

.2718 

.6560 

.3718 

.9100 

.2" '2 

.8331 

.5221 

.1992 

.3085 

.1092 

.2821 

.6890 

.3721 

.9200 

.43.9 

.90S4 

.6296 

.2049 

.3298 

.1249 

2y24 

.7232 

.3724 

.9300 

.6268 

.9799 

.7373 

.2105 

.3511 

.1405 

.3028 

.7  574 

3728 

.9400 

.819’: 

13.0536 

.8454 

.2162 

.3724 

.1562 

.3131 

.7918 

.3731 

.9500 

23.0137 

.1275 

.9537 

.2218 

.3937 

.1718 

.3234 

.826* 

3734 

.9600 

.2088 

.2016 

19.0624 

.2275 

.4149 

.1875 

.3337 

.8608 

.3737 

.9700 

.4049 

.2759 

.1713 

.2331 

.4362 

.2031 

.3441 

.8354 

.3741 

.9800 

.6022 

3504 

.2806 

.2387 

.4575 

.2187 

.3544 

.0202 

.3744 

.9900 

.8005 

.4251 

.3901 

2444 

.4787 

.2344 

.3647 

.9650 

.3747 

4.0000 

24.0000 

.5000 

.5000 

2500 

.5000 

.2500 

.3750 

6.0000 

.3750 

.0100 

.2005 

.5751 

.6101 

.2556 

.5212 

.3656 

.3853 

.0350 

.3753 

.0200 

.4022 

.6504 

.7206 

.2612 

.5^25 

.2812 

.3Suo 

.0702 

.3756 

.0300 

.6050 

.7259 

.8313 

.2669 

.5637 

.2969 

.4069 

.1054 

.3759 

.0400 

.8088 

.8016 

.9424 

.2725 

.5850 

.3125 

4162 

.1408 

3762 

.0500 

25.0138 

.8775 

20.0537 

.2781 

.6062 

.3281 

.4265 

.1762 

.3765 

<VO 

.2199 

.9536 

.1654 

.2837 

,o274 

.3*137 

.4368 

.2118 

.3768 

.0700 

.4271 

14.0299 

.277? 

.2893 

.6486 

.3533 

.4471 

.2*74 

.3771 

.0800 

.6355 

.1064 

.3896 

.2949 

.6698 

.3749 

.4575 

.2832 

.3775 

,09Cr 

.8449 

.1831 

.5021 

.3005 

.6910 

.3905 

.4678 

.3196 

.3778 

.1000 

26.0555 

.2600 

.6150 

3061 

.7122 

.4061 

.4780 

.3550 

.3780 

.1100 

.2672 

.3371 

.728! 

.31  i? 

.7334 

.4217 

.4883 

.3910 

.3783 

.1200 

.4801 

4144 

.8416 

.3173 

.7546 

.4373 

.4986 

.4272 

.3786 

.1300 

.6940 

.4919 

.9553 

.3229 

.7757 

.4529 

.5089 

.4634 

.3789 

.1400 

.9092 

.5696 

21.0694 

.3285 

.'969 

.4686 

.5192 

.4998 

.3792 

1500 

27.1254 

.6475 

.1837 

.3340 

.8181 

.4840 

.5295 

.5362 

.3795 

.1600 

.3428 

7256 

.2984 

.3396 

.6392 

.4996 

.6398 

.5728 

.3798 

.1700 

5614 

.8039 

.4133 

.3452 

.8604 

.5152 

.5501 

.6094 

.3801 

.1800 

.7811 

.8824 

.5286 

.3508 

.8815 

.5308 

.5604 

.6462 

.3804 

.1900 

28.0020 

.9611 

.6441 

.3563 

.9027 

.5463 

.5707 

.6830 

.3807 

.2000 

.2240 

15.0400 

.7600 

3fl9 

.9238 

.5619 

5810 

.7200 

.3810 
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8.5.  Useful  Equations 

8.5.1.  Reflection  and  Trarsmission  at  a  Single  Surface.  Erv*  is  the  electric 
vector  of  a  wave  [7]  traveling  in  the  positive  direction  in  the  nth  layer  polarized  with 
t‘  electric  vector  parallel  to  the  plane  of  incidence:  g,/  is  the  electric  vector  in  the 
negative  direction  in  the  nth  layer  polarized  perpendicular  to  the  plane  of  incidence. 
Let  n  be  n  -  ih.  Then  the  Fresnel  equations  are: 


Ebp 

no  cos  <1>i  ~  fii 

COS  <{>o 

go/ 

n0  cos  4>i  4-  n, 

COS  0o 

g.p+ 

2n0  cos  (f* o 

E0/ 

n0  cos  >i  4-  n, 

cos  4>0 

go. 

no  cos  <t>o  ~  ni 

COS  4>t 

go/ 

n0  cos  «/)o  4  rti 

COS  d>i 

g./ 

2n0  cos 

g«/ 

n0  cos  $  4 •  n, 

COS  <b  1 

Sometimes  a  more  useful  form  for  amplitude  relations  is 

—  (jit  ~  <fto) 

r'°  tan  («f»i  4  <f> 0) 

t  _ _ 2  sin  i  cos  _ 

9  sin  (4>,  +  <t> 0)  cos  (<£t  -  <t>o) 

sin  («/  -  «j>0) 

r  i,  =  — - 1 — 

sin  (<t>,  4-  <^0) 

_  2  sin  4>.  cos  <f>0 
sin  (<£i  4  4> 0) 


(8-3) 

(8-4) 

(8-5) 

.8-6) 

(8-7) 

(8-8) 

(8-9) 

(8-10) 


For  intensity, 


and 


Pp  ~~ 


(E 0p  )' 

-7TT-:  -  rlp* 

1 C.  op  ) 


p.  -* 


go/)1 

(go/)3 


and  the  transmit!  ances  are  given  by 


and 


ni(gip*)f 

n0(go./  )* 

rt.  (/?./)’ 

(S-ll) 


(8-12) 
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Then  for  normal  incidence, 
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(8-13) 


For  absorbing  layers  the  equations  are  complicated.  For  normal  incidence, 


T\p  f|,i  — 


n0  —  ni  +  iki 
no  4-  Hi  —  ikt 


which  gives,  for  the  reflectance  of  the  surface 

_  (no  —  n,)*  4-  ki* 

Pp  "P'“  (n.4-  n,)*  +  *,* 

When  n*  4  k1  >  >  1 , 

_  (n1  -f  k*)  cos*  #o  —  2 n  cob  <f>o  +  1 

Pf  (a*  4-  k *)  cos*  4> o  4  2n  cos  <f>o  +  1 

_  (ft1  4-  &1)  —  2n  cob  o  COB8  0o 

(n*  4-  fc*)  4-  2n  cob  d>o  4-  cos*  d>0 


(8-14) 


(8-15) 

(8-16) 

(8-17) 


8.5.2.  Reflection  and  Transmission  by  a  Single  Layer.  When  multiple  iraversalB 
are  taken  into  account,  the  amplitude  reflection  coefficient  is 


or 


r—r i  4-  —  li('iririlr4,,i  4-  .  .  . 

M'lfie-*'*' 
r'  +  1  +  nroe-*'*! 


(8-18) 


The  amplitude  transmission  coefficient  iB 

t  =  titie  '*■  -  -r  t, tir,ir2te  M*>  —  .  .  . 

<i«ie  |g» 

1  4-  TiTiC'**®' 


(8-19) 


To  account  for  polarization  differences,  expressions  for  t,,  t *,  r ■,  and  r-  should  be  ob¬ 
tained  from  tl  e  proper  equations  (8-3  to  8-6).  The  intensi*  y  ratios  are 


r i1  4-  2riT|  cob  26i  4-  rj* 

1  -!•  2.'!ri  cob  26i  4  ri*r** 


(c-20) 


_  ft£ _ tl1*!* _ 

n«  (1  4- 2rtr,  cob  25i  4- ri’r,1) 

where  8i  is  (2nlk)n,dt  cos  4>t-  For  normal  incidence, 

(no*  4-  n^VHfti^  4  n,1)  -  4npni,ni  4-  (n0*  —  n^Mfti*  —  fti*)  '  s  26i 
P  (no*  4-  ni,)(fti1  4-  nj1)  4-  4nnfti,fti  4-  (fto*  -  fti’Mfti1  —  ftt1)  cos  26i 

_ Sfton^nt _ 

(n0*  4-  nif)(nif  4  «**)  4-  4non,3nt  4-  (n0*  -  n^Mni*  -  n **)  cob  28, 


(8-21) 


(8-22) 

(8-23) 


For  absorbing  media  r.  must  be  replaced  by  71. 


i 


I 
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8.5.3.  Emissivity,  Transmissivity,  and  Reflectivity  for  Partially  Transparent 
Bodies  [8],  The  emissivity,  «,  apparent  (measured)  reflectance,  pm,  and  apparent  (mea¬ 
sured)  transmittance,  rm,  of  partially  transparent  bodies  can  be  related  as  follows  [81: 


€  Tw  “f*  pm  —  1 

(8-24) 

These  terms  are  given  below,  where  the  functional  dependence  of  all  quantities 
on  temperature  and  wavelength  is  suppressed. 

(1  -p)(l  -  t) 

1  ~  PT 

(8-25) 

,  pT*  (  -  p)* 

pm!=P  + 

1  —  p'r1 

(8-26) 

(1  -  p)‘ 

Tm  =  T  i  ii 

1  —  p*r* 

(8-27) 

Figure  8-19  is  a  plot  of  Eq.  (8-24),  The  complete  thermal  radiation  properties  of 
a  given  body  at  a  particular  wavelength  and  for  a  particular  temperature  are  repre¬ 
sented  by  a  single  point  on  this  chart.  The  location  of  the  point  can  be  determined 
experimentally  when  any  two  of  the  three  quantities  «,  rm,  and  p*  are  given.  From 
tH:,  values  of  r  and  p  can  be  obtained. 


Fig  &-19  Thermal  radiation  chart  for  determining  true  valuer  of  tranamiaaivity 
r  and  reflectivity  p  from  experimentally  measured  values  of  emissivity  «,  apparent 
transmissivity  r»,  and  apparent  reflectivity  pm . 


I 
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Fig.  8-20.  Reflection  lose  for  different 
incidence  angles  and  di Cerent  refrac¬ 
tive  indices. 


Figure  8-20  illustrates  Fresnel’s  laws  of  reflection.  It  shows  reflectivity  p  as  a  func¬ 
tion  of  angle  for  different  refractive  indices.  The  lower  rushed  curve  shows  pp,  and  the 
upper  dashed  curve  p,,  where  subscripts  p  and  s  indicate  the  parallel  and  the  perpen¬ 
dicular  components  of  the  electric  field,  respectively.  The  curve  between  them  is 
characteristic  of  unpolarized  light  at  the  angles  indie  ted  for  n  =  1.5.  The  other  curves 
are  also  for  unpolarized  light.  The  equations  and  curves  show  that  there  is  a  phase 
change  of  n  for  E,  vibrations  of  all  angles  of  incidence.  There  is  a  phas  *  change  for 
Ep  vibrations  only  for  angles  equal  to  or  exceed:  ^  the  polarizing  angle.  For  normal 
incident  radiation  the  equation  for  reflectivity  reduces  to 


P  = 


(8-28) 


Final 'y,  at  grazing  incidence  angles,  the  reflectivity  approaches  100%. 
The  transmittance  for  multiple  reflections  is 


If  a  is  small,  then 


(1  -  pTe 

Tm  1  _  p«c-*or 

(1  —  p)»  1  -p 

T"  1  -  p*  1  +  p 

—  2n 
n1  +  1 


(8-29) 


(8-30) 


where  t,  =  t. ansmisaicn  for  infinite  number  of  reflections.  Also, 

( n  -  D* 

P®  ,ii 

n 1  +  1 

8.5.4.  Loss  Tangent.  The  loss  tangent  is  defined  as 

-  lr  * 

lau  6  =  —  =  — 

Id  ecu 


(8-31) 


(3-32) 


where  h  —  conduction  current 
Id  =  displacement  current 
u  =  conductivity 
*  =  dielectric  constant 
' o  =  angular  frequency 
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The  loss  tangent  under  proper  assumptions  is  related  to  the  absorption  coefficient  as 
follows: 


tan  S  =  a.K/2nn 


8.5.5.  Extinction  Coefficient  The  extinction  coefficient  k  is  defined  as 


k  =  ak/4n 


(8-331 


8.6.  Optical  Surface  Coatings 

8.6.1.  Reflective  Coatings.  Aluminum,  silver,  gu.d.  copper,  rhodium,  and  titanium 
are  the  mast  frequently  used  mirror  metals.  Figure  8-21  shows  the  measured  re¬ 
flectance  of  films  of  these  metais. 


Fig.  8-21.  Redectance  of  various  films  of  silver 
(Ag),  gold  (Au),  aluminum  (Al),  u>pper  (Cu), 
rhodium  (Rh),  and  titanium  Ti)  as  a  function 
of  wavelength  19]. 

Stellite*  cobalt-base  alloy  is  often  used  when  the  surface  must  be  exposed  to  the 
elements.  It  resists  tarnish  and  corrosion  and  can  be  cleaned  easily  with  a  chalk- 
acetone  paste.  The  reflectivity  of  Stellite*  is  given  in  Fig.  8-22  [10]. 

The  most  frequently  used  high-reflecting  coating  for  first-surface  mirrors  is  vacuum- 
deposited  aluminum.  It  adheres  better  to  glass  and  other  substrates  than  the  other 
high  reflecting  materials,  does  not  tarnish  in  normal  air,  and  is  very  easy  to  evaporate. 

The  effect  of  the  speed  of  evaporation  or  deposition  rate  on  the  reflectance  of  alumi¬ 
num  coatings  is  considerable  at  •  isijle  and  shorter  wavelengths;  however,  in  the 


WAVELENGTH 


Fig.  8-22.  Reflectance  of  Stellite*  110]. 
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infrared  this  becomes  much  less  pronounce-!  (Fig.  8-_3).  Almost  any  evaporation  speed 
within  reasonable  limits  results  in  aluminum  coatings  with  more  tht  n  95%  reflectance 
between  2  and  10  jit.  It  is  always  advisable,  however,  to  evaporate  a’uminum  as  fast 
as  possible  because  fast-depooited  films  are  chemically  and  mechanically  more  durable. 


Fig.  8-23.  Reflectance  of  two  aluminum  films 
prepared  under  extremely  different  evaporation 
conditions  19]. 


8.6.2.  Filter  Mirrors  (91.  There  are  two  film  combinations  that  provide  high 
infrared  but  low  visible  reflectance.  These  are: 

(1)  Aluminum  coated  with  evaporated  germanium  monoxide  and  silicon  monoxide, 
each  film  approximately  one  quarter  wavelength  thick  (Fig.  8-24).  When  germanium 
is  evaporated  onto  opaque  aluminum,  the  aluminum  reflectance,  controlled  at  a  certain 
wavelength  in  the  visible,  decreases  to  a  minimum  of  30%  to  40%.  The  addition  of 
silicon  monoxide  decreases  the  visible  reflectance  to  almost  zero.  Figure  8-25  shows 
the  reflectance  of  two  such  mirrors. 


Fig  8-24  Layer  arrangement  in  <  Al-SiOP 
filter  mirror  [9|. 


(2)  Two  silicon  monoxide  coatings,  separated  by  a  eenutransparent  aluminum  film 
on  top  of  the  opaque  aluminum  mirror  coating  (Fig.  8-26).  The  first  silicon  monoxide 
film  is  evaporated  until  the  aluminum  reflectance  reaches  a  minimum  of  about  60%. 
Then  the  aluminum  is  deposited  until  the  reflectance,  after  passing  through  zero,  rises 
again  to  a  value  of  15%  to  20%.  Another  film  of  silicon  monoxide  on  top  brings  the 
reflectance  again  down  to  zero.  Figure  8-27  shows  the  reflectance  of  this  type  of 
reflector  in  the  visible  and  infrared. 
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Fig.  8-25.  Reflectance  of  Al-SiO  filter  mir¬ 
ror  aa  a  function  -jf  wavelength.  leaver 
deposition  control I'.-d  0.55  n  19). 
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Fig.  8-/5.  Layer  arrangement  in  Al-SiO-Al-SiO  filter 
mirror  [9). 


Fig.  8-27.  Refle*.  ance  of  Al-SiO-Al-SiO  filter 
mirror  as  a  function  of  wavelength.  Layer 
deposition  controlled  at  550  mu  191. 
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8.6.3.  Protective  Coatings  [9].  For  many  mirrors,  the  natural  oxide  film  that  forms 
on  an  evaporated  aluminum  surface  is  too  th*n  to  furnish  sufficient  protection,  especially 
if  the  mirror  requires  frequent  cleaning.  Silicon  monoxide  affords  a  suitable  hard 
protective  coat.  It  evaporates  at  about  1200*0  and  condttises  on  the  mirror  surface 
in  uniform  and  adherent  layers. 

There  is  a  considerable  difference  in  the  characteristics  oc  coatings  when  used  for 
reflective  optics  as  compared  to  refractive  optics.  Figure  8  28  shows  the  infrared 
reflectance  of  aluminum  protected  with  a  125-mm  film  of  SiO. 

Figure  8-29  shows  the  reflec  tance  curve  of  an  "Alxac”  /. 'Sector.  The  Alzac  reflector 
is  an  aluminum  mirror  form  whose  surface  is  electrolytically  polished  or  brightened 
and  then  protected  with  an  anodically  produced  aluminum  oxide  linn  about  1.4  n  thick. 
Figure  8-30  shows  the  effect  of  applying  a  l.2-/i-thick  film  of  SiO.  At  11  p.,  where  the 
SiO  film  is  effectively  one  quarter  wavelength  thick,  strong  absorption  takes  place 
and  mirror  reflectance  is  decreased  to  almost  zero. 
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Fic.  K  TP  inhered  reflectance  of  aluminum  protected 
with  tan  Aim  °f  silicon  oxide  >9]. 


Fio.  8-29.  Infrared  reflectance  of  polished 
aluminum  and  of  an  "Alsec”  reflector  (alu¬ 
minum  electrolytically  brightened  and 
protected  with  ebout  1.4  n  of  AltOj)  19] 


WAVELENGTH  (#* 


Fio.  8-30.  Reflectance  of  ak^ninum  protected 
with  a  1.2- 4 -thick  film  of  silicon  oxide  (SiO 
depoeited  in  20  min  at  1  x  10  1  mrn  Hg)  [9]. 
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8.6.4.  Anti  reflection  Coatings  [7,9].  Infrared  antireflection  coatings  increase 
the  energy  transmitted  through  optical  surfaces  by  reducing  Fresnel  leflection  losses. 
The  criteria  for  an  au  'reflection  coating  are  (1)  that  its  refractive  index  be  equal  to 
the  square  root  of  the  substrate  index  when  the  substrate  is  in  air: 

n  =  Vn'  (8-34) 


and  (2)  that  the  phase  difference  between  the  incident  wave  and  the  reflected  wave 
be  an  odd  multiple  of  it: 

A<£  =  4 irnd  cos  r/X  =  2rr  (m  7) 


which  reduces  to 


nd  cos  r  —  (A/4)  (2 m  +  1) 


(8-35) 


where  n 
ri 
A<f» 
X 
d 
r 
m 


refractive  index  of  film 
refractive  index  of  material 
phase  change  of  incident  light 
wavelength  of  incident  light 
thickness  of  film 

angle  of  inclination  in  the  film  of  the  ray  to  the  film  normal 
1,  2,  3,  .  .  . 


For  more  details,  see  Chapter  7. 

Table  8-16  lists  typical  antireflection  coatings  and  their  effect,  on  the  infrared  trans¬ 
mission  of  var.ous  materials.  The  transmittance  curves  of  silicon  (Fig.  8-31)  and 
germanium  (Fig.  8-32)  are  shown  with  and  without  coatings.  Figure  8-33  shows  the 
measured  transmittance  curve  of  an  arsenic  trisulfide  plate  coated  on  both  sides  with 
double  quarter- wave  films.  Figure  8-34  shows  the  measured  transmittance  and  re¬ 
flectance  of  a  glass  plate  coated  on  each  side  with  a  half-wave  film  of  silicon  oxide  and 
a  Quarter-wave  film  of  magnesium  fluoride. 


Table  8-16.  Examples  of  Anti  re  flection  Coating  [11] 

..  A  ,  Coated  Transmission 

Ur  coated 


Sample  and  Thickness 

/l—  \ 

Transmission 

MgF, 

LiF 

un.  1 

at  2  p. 

at  3.6  p 

at 

2p 

at  2  p  at  3.6 

Fuzed  quartz 

0.203 

0,935 

0.97 

0.97 

Dense  flint 

0.061 

0.855 

0.955 

MgO 

0.129 

0.86 

0.8f 

0.945 

0.94 

AljOj 

0.063 

0.88 

0.985 

AljO-i 

0.126 

0.875 

097 

8.6.5.  Replica  Mirrors  [9].  A  simple  and  inexpensive  method  for  producing  replicas 
of  optical  elements,  such  as  mirrors  and  trihedral  prisms,  with  plastic  backings  ic 
described  in  reference  [9].  In  this  technique  replicas  equipped  with  the  final  high- 
reflecting  coatings  are  prepared  directly  on  the  master  mold.  Epoxy  resins  are  used  to 
make  the  replica  mirror  form.  The  epoxy  casting  compounds  are  pourable  liquids 
that  can  be  hardened  overnight  with  little  or  no  heat  through  the  addition  of  a  liquid 
hardener.  Very  little  heat  and  very  low  shrinkage  are  developed  during  the  hardening 
process. 
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Fic.  8-31  Transmittance  of  a  silicon 
coatings  o":  (a)  SiO  (h  —  A/4  at  1.7  ft); 


Fig.  8-32.  Transmittance  of  a  germanium 
plate,  1.0  mm  thick,  with  antireflection 
coating  of  ZnS  (n  =  A/4  at  9.8  ft). 


(b) 

plate,  1.5  mm  thick  with  antireflection 
(6)  ZnS  <n  =  A/4  at  9.8  ft)  112). 


Fig.  8-33  Transmittance  of  an  As»S:t  p’ate 
(n  =  2.4)  antireflected  with  double  A/4  films 
of  tungsten  oxide  l  n  -■  1.8)  and  sodium  alum¬ 
inum  fluoride  (r,  =  1.35),  °ach  A/4  thick  at 
3  ft  [&). 


Fig.  8-34.  Transmittance  and 
reflectance  of  a  glass  plate  with  a 
A/2  -  A/4  SiO  (n  -  1.7)  and  MgFt 
(  n  «  1.38)  coating,  in  comparison 
with  a  A/4  MgFt  coating  (9]. 
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VEpoxy  renin 


f  O^^^Glaus  master^^S 

PX\\\\\\N?d  “  K-xNiXXWX^’ ;  1 

Glass  master  coated  with  separating  Epoxy  resin  cast  on  coated  master 
film  and  final  mlrro.  coatings 


/Epoxy  resin 


.  Epocy  res’.n 


,\  Glass  masier  X 


f  \  t  V'Y  V  t  %  »  >  i)  finished  mirror  with 

KepUca  separated  Irom  master  separating  layer  removed 

Fig.  8-35.  The  four  steps  for  preparing  protected 
replica  mirrors  with  epory  backing  [9J. 


The  steps  involved  in  producing  replica  mirrors  with  epoxy  resins  are  shown  in 
Fig.  8-35. 

In  making  a  replica  mirror,  the  negative  glass  form  is  coated  with  silver,  silicon 
monoxide,  and  a  heavy  deposit  of  aluminum.  A  plastic  mold  in  the  form  of  a  ring  is 
then  placed  on  the  coated  glass  master  and  filled  with  the  epoxy  resin.  After  the  epoxy 
resin  has  cured,  the  replica  is  separated  from  the  master  by  applying  slight  pressure 
to  the  plastic  ring.  The  silver  film,  which  has  poor  adherence  to  glass,  is  used  only 
to  make  the  separation  easy.  After  the  separation,  the  silver  film  is  removed  in  nitric 
acid,  leaving  the  replica  mirror  costed  with  aluminum  protected  with  silicon  monoxide. 
The  aluminum,  which  has  been  deposited  rather  heavily  to  produce  a  rough  surface, 
adheres  excellently  to  the  hardened  epoxy  compound.  The  quality  of  .eplica  optics 
made  with  epoxy  resins  can  be  greatly  improved  by  adding  equal  or  even  higher  amounts 
of  finely  divided  silica  to  the  epoxy-type  molding  compo-md.  The  addition  of  silica 
fillers  reduces  shrinkage  during  the  hardening  process  and  results  in  mirror  forms 
with  increased  hardness  and  heat  resistance,  and  reduced  exp  n.sion  coefficients.  On 
an  optical  test  bench,  the  leplics  mirror  can  be  compared  with  the  original  mirror 
by  focusing  incident  collimated  bgbt  on  pinhole  apertures  of  various  sizes  and  meas 
uring  the  ratio  of  the  light  transmitted  by  the  apertures  to  the  total  amount  of  light  in 
the  focal  plane.  The  performance  of  paraboloidal  plastic  replicai  as  compared  ith 
the  original  glass  mirrors  is  given  in  Table  8-1 7.  The  effects  of  aging  on  replica  r.  c-s 
is  given  in  Table  8-18. 

Table  8-17.  Performance  or  Plastic  Replica  Mirrors  [13] 


Aperture 

Energy  through  Aperture  (%) 

Size 

(mm) 

Original 
Glass  Mirror 

Replica  from 
Master  No.  1 

Replica  from 
Master  No.  2 

C.79 

98 

96 

97 

0.38 

96 

89 

90 

0.27 

82 

81 

80 

0.18 

60 

59 

61 
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Table  8-18.  Effects  of  Aging  on  Repi-ica  Mirrors  [13] 


Aperture 

Energy  through 

torture  (%) 

Size 

(mm) 

Original 
Glass  Mirror 

Replica  No.  1 
(2  days  old] 

Replica  No.  2 
(1  day  old 

Replica  No.  2 
(19  months  ola) 

079 

100 

99 

98 

98 

0.38 

99 

97 

98 

98 

0.27 

99 

97 

96 

95 

0.18 

97 

95 

94 

88 

8.7.  Radiation  T,  image 

Protons  and  electrons  inflict  damage  at  a  certain  depth  in  a  material.  This  depth 
is  a  function  of  the  density  of  the  material  itself.  Thus  an  absorption  cross  section 
which  has  the  units  g~'  cm"'  r  «  useful  concept,  and  a  penetration  "depth’  in  units  of 
g  cm  2  is  a  measure  of  the  susceptibility  to  damage.  Whereis  protons  and  electrons 
damage  at  a  given  depth,  the  number  of  photons  and  the  r  sultant  damage  decreases 
exponentially  with  distance.  Thus  photon  range  is  defined  as  the  g  cm  2  at  which  the 
flux  is  reduced  by  a  factor  of  e.  Figure  8-36  present?  the  resistance  of  various  materials 
to  radiation  damage,  and  Fig.  8-37  is  r  plot  of  silicon  absorption  coefficient  as  affected 
by  neutron  bombardment. 


Fig  £-36  Radiation  lesistance  of  various  types  of  materials  (14). 
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Fig.  3-37.  Absorption  a/efficient 
vs.  wavelength  for  nentron- 
hombarded  silicon  at  oom  tem¬ 
perature  1151 


ENERGY  (ev) 


Radiation  causes  ionization  and  atomic  displacement.  The  rate  of  ionization  can 
be  given  in  erg  g1  yr_‘,  and  displacement  in  fractions  of  atoms  displaced  per  year. 
Tables  8-19  and  8-20  [16]  provide  general  data  on  the  penormance  of  materials.  More 
specific  .Uta  can  be  found  in  other  references  (17  to  70). 

8.8.  Infrared  Transmission  of  Cooled  Optical  Materials  [71] 

Figure  8-88  shows  the  transmittance  of  a  number  of  cooled  optical  materials  in  the 
1-5.5 -fM  region.  In  most  cases,  the  cooled  samples  transmit  more  than  the  uncooled 
samples.  If  the  increase  transmission  due  to  the  decrease  of  Fresnel  reflection  loss 
at  the  sample  surface  is  subtracted  from  the  measured  total  increase  f  transmission, 
the  absolute  increase  in  transmission  of  the  material  is  obtained.  Some  of  the  increased 
transmis8i(  results  from  the  reduced  path  length  through  the  coolant,  a  function  of 
the  sample  thickness.  However,  calculation®  171]  show  that  this  increase  can  never 
be  greater  than  0.891  for  the  thickest  sample. 

8.9.  Optical  Properties  of  Blacks 

Spectral  emittances  of  blacks  have  been  measured  by  Stierwalt,  Kirk,  and  Bernstein 
[72].  The  data  are  plotted  in  Fig.  8-39.  Additional  data  are  given  by  Harris  and 
Cuff  (73]  on  specular  and  diffuse  reflectances  -  includirg  goniophotometric  curves  -for 
acetylene  smoke  black,  Dupont  flat  black  (unspecified),  Eastman  Kodak  NOD-18, 
Goldblack,  Lampblack,  soot,  and  lacquer.  All  were  deposited  on  glass  microscope 
slides  and  measured  from  0.254  to  1.1  p. 

Other  data  on  the  emissivity  (emissance)  of  materials  can  be  found  in  an  Arthur  D. 
Little  report  [74].  They  include  measurements  of  Globars,  BN,  SiC,  zirconia,  magnesia, 
alumina,  aluminum,  Inconel,  stainless  steel;  also  white  enamel  and  black  enamel  on 
Inconel  and  SiO  on  platinum  and  Inconel.  The  data  are  not  for  blacks  directly,  but 
they  may  be  useful. 
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Table  8-19.  Radiation  Dosages  Produced  By  Atomic  Particles  in  Space 

Ion  i  tat  ion  Fraction  of  Atoms  Displaced 


(erg  g~* 

yr~‘> 

per  Year 

Radiation 

Surface 
and  Through 

1  mg  cm  1 

Through 

I  gem  1 

Exposed 

Surface 

Through 

1  mg  cm  * 

Through 
1  g  cm  * 

Inner  radiation  belt 

10“<?) 

10M0* 

10*(?) 

io-3 

10  * 

Ou*  t  radiation  belt 

lO'MO13 

10M0* 

10  'MO  10 

10  '*-10  '• 

10  13 

Solar  emission  (flares 
except  as  noted) 

10*-10»(?) 

10M05 

10  ’MO0" 

10  '*-10  " 

10  *3-10  1 

Cosmic  rays 

10*- 103 

10M03 

0  'M0  13 

10  *‘-10  13 

10  *‘-10  1 

‘May  be  displaced  by  stead)  solar  emission. 

Table  8-20.  Radiation  Dose  Producing  Appreciable  Change 
in  Engineering  Properties  of  Various  Materials 


Material 

Changed  Properties 

Ionization 
'erg  g  'l 

Fraction  of 
Atoms  Displact 

Plastics 

Tetrafluoroethylene 

In  air,  mechanical,  electrical 

10*10* 

— 

No  air,  mechanical,  electrical 

10*-10* 

— 

Other 

Optical  transmission 

to*-io** 

— 

Dimensieis,  mechanical,  electrical* 

10*-10" 

- 

Elastomers 

Mechanical 

10M0"> 

- 

Oils  and  grea-es 

Lubrication,  consistency 

10»-10'* 

- 

Ceramics 

Glass 

Optical  transmission 

10s- 1C'3 

10"-!0  * 

Dimensions,  mechanical 

-10  * 

Electrical 

>10" 

10  M0-* 

Fused  silica 

Optical  transmission 

10M0" 

10-'-10  3 

Crystalline 

Optical  transmission 

10M0" 

10-M0  ‘ 

Dimensional,  mechanical 

>)0" 

10  MO  * 

Electrical3 

>10*' 

10  M0  ' 

Semiconductor  i devices) 

Minority  carrier  effects 

— 

10'M0  10 

Majority  carrier  effects 

- 

lO  '-lO  * 

Metals 

Ferromagnetism 

— 

O 

•k 

o 

Mechanical 

— 

10  M0  3 

•Temporary  increase  in  electrics 

Electrical 

il  conductivity  iuring  '.rradistion  st  dose  rates 

~  10*  erg  g 

10  ’-10  * 

1  yr 

•Temporary  increase  in  electrics 

'!■  conductivity  during  irradiation  u*  dose  rate* 

-  10*  erg  s  1 

yr 

OPTICAL  PROPERTIES  OF  BLACKS 


361 


%  ‘3DNVXXLWSUVHX 


Fig.  8-38  Transmittance  of  cooled  optical  materials. 
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Fig.  8-39.  Specular  emittance  of  some  useful  "blacks;”  the  samples  are  from  Barnes 
Engineering  Co.  and  identified  both  by  their  Barnes  labol  and  their  generic  name: 

1.  Pryomark  Standard  Black  (BEC-1);  2.  Sicon  Black  (BEC-2);  3.  Krylon  Flat  Black 
(BEC-3);  Magnesium  oxide  powder  (BEC-4);  5.  Iron  oxide. 

8.10.  Optical  Properties  of  Water 

Water  in  many  forms -vapor,  liquid,  solid,  distilled,  brine,  etc. —  has  a  number  of 
applications  in  the  infrared.  Some  of  the  useful  and  interesting  properties  are  given 
..ere.  Normal  incidence  values  of  specular  reflectivity  and  values  of  n  and  k  are 
given  by  Centeno  [75]  are  given  in  Table  8-21;  Fig.  8-40  gives  the  reflection  and  Fig.  8-41 
the  refractive  index.  Values  for  different  angles  of  incidence  are  given  by  McSwain 
and  Bernstein  [76].  Similar  data  are  given  by  Kislovskii  [77];  Ockmar  [78]  gives 
information  on  ice. 


Fig.  8-40.  Specular  reflectance  of  water  as  a  function  of  incident 
angle  and  wavelength. 


Fig.  8-4  i.  Iivlex  of  refraction  of  water  calculated  from  reflectivity. 
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Table  8-21.  Optical  Constants  or  Water  in  the  Near  Infrared  [75] 


Wavelength 

Reflectivity 

Extinction 

Refractive 

Wavelength 

Reflectivity 

Extinction 

Refract;ve 

<M> 

<%) 

Coefficient 

Index 

(%> 

Coefficient 

Index 

1.00 

1.96 

3.5  x  10-* 

1.326 

5.86 

1.25 

0.0653 

1.242 

1 .06 

1.95 

3.1 

1.326 

5.90 

1.50 

0.0799 

1.266 

1.10 

1.94 

1.7 

i.3r* 

6.00 

2.02 

0.1220 

1.304 

1  20 

1.9, 

1.21  x  10  • 

1.323 

6.04 

2.16 

0.1372 

1.312 

1.30 

1.91 

1.29 

1.321 

6.10 

2.28 

0.1216 

1.331 

1.40 

1.90 

1.30  x  10  * 

1.320 

6.20 

246 

0.0940 

1.368 

'.50 

1.88 

3.12 

1.318 

6.30 

2.34 

0.0766 

1.362 

1.60 

1.87 

1.12 

1.316 

6.40 

2.22 

0.0626 

1.344 

1.70 

1.86 

1.09 

1.315 

6.50 

2.12 

0.0624 

1.336 

1.80 

1.82 

1.43 

1.312 

6.00 

2.05 

0.0462 

1.331 

,90 

*.79 

8.14 

1.309 

6.70 

2.00 

0.0450 

1  326 

2.00 

1.74 

14.3 

1.304 

680 

1.S8 

0.0448 

1  324 

2.20 

1.63 

5.11 

1.293 

690 

1.97 

0.0451 

1.323 

2.40 

1.47 

10.1 

1.276 

700 

1.95 

0.0457 

1.32! 

2.50 

1.37 

20.1 

1.266 

7.20 

1.87 

0.0463 

1.313 

2.60 

1.26 

51.8 

1.252 

7.40 

1.77 

0.0466 

1.303 

2.70 

0.96 

0.0183 

1.216 

7.60 

1.72 

0.0484 

1.298 

2.74 

0.75 

0.0273 

1.187 

7.80 

1.68 

0.0472 

1.294 

2.77 

0.90 

0.0364 

1.206 

8.00 

1.66 

0.0472 

1.292 

2.80 

1.41 

0.0490 

1.266 

8.20 

1.64 

0.0472 

1.289 

2.85 

2  00 

0.0678 

1.324 

8.40 

1.62 

9.0473 

1.287 

2.90 

2.48 

0.0637 

1.367 

8.60 

1.57 

O.0476 

1  282 

2.96 

2.87 

0.0670 

1.4C 

8.80 

1.51 

00483 

1.276 

3.00 

3.40 

0.0680 

1.446 

9.00 

1.44 

0.0498 

1.268 

3.02 

3.90 

0.0683 

1.463 

9.2 

1.36 

0.0518 

’  257 

3.07 

439 

0.0882 

1.525 

94 

1.27 

0.0642 

1.247 

3.10 

4.30 

0.0681 

1.617 

9.6 

1.18 

0.0562 

1.236 

3.16 

4.12 

0.0668 

1.504 

9.8 

1.09 

0.0696 

1.2*4 

3.20 

4.00 

0.0611 

1.495 

10.0 

099 

0.0601 

1.212 

3.30 

3.65 

0.0370 

1,471 

10.2 

0.92 

0.0621 

1.202 

340 

3.37 

0.0226 

1.449 

10.4 

086 

0.0687 

1.190 

3.50 

3.05 

0.0128 

1  423 

10.6 

0.78 

0.0902 

1.175 

3.60 

2.?'J 

0.00783 

1.402 

10.8 

0.73 

0.0946 

1.159 

3.70 

2.59 

0.00619 

1.381 

10.9 

0.70 

00993 

1.160 

3.80 

2.3b 

0  00696 

1.363 

11.0 

0.72 

0  1138 

1.143 

3.90 

2.25 

0.00590 

1.353 

11.1 

0.77 

0.1290 

1.137 

4.03 

2.19 

0.C0642 

1  347 

112 

0.84 

0.1471 

1.129 

4.10 

2.18 

0.007 OS 

1.344 

11.3 

0.92 

0  1637 

1.12! 

4.20 

2.16 

0.00871 

1  344 

11.4 

0  97 

0.1751 

1.114 

4.30 

2.15 

0.0108 

1.343 

11.5 

1.02 

0.1831 

1.111 

4.40 

2  14 

00133 

1.34? 

11.6 

1.09 

0.1880 

18 

4.50 

2.13 

0.0164 

1.341 

11.7 

1.19 

0.1937 

.  .30 

4.60 

2.11 

0.0194 

1  339 

11.8 

1.31' 

0.1991 

1.144 

4.70 

2.10 

0.02T2 

1.338 

12.0 

1.47 

0.2058 

1.166 

4.80 

2.06 

0.0139 

1.336 

12.5 

2.15 

0.2436 

i  219 

4.90 

2.06 

0.0188 

1.334 

13.0 

3.02 

0.2916 

1.270 

5.00 

2.02 

0.0183 

1.331 

13.5 

366 

0.3202 

1.297 

5.10 

1.96 

0.0182 

1.327 

14.0 

4.10 

0.3562 

1.309 

5.J0 

1.9 

0.01(3 

1.322 

14.6 

4.72 

0.4028 

1.313 

5.30 

l.M 

0  0143 

1.315 

16.0 

5.12 

0.4298 

1.315 

5.40 

1.80 

0.0146 

1.309 

16.0 

5.29 

0.4088 

1  374 

5.50 

1.73 

O.OVi* 

1.302 

17.0 

6.15 

0  4070 

1.468 

5.60 

1.66 

0.0232 

1.295 

18.0 

6.21 

0.4686 

1.401 

5.70 

1.57 

0.0340 

1.284 

5.80 

1.40 

00616 

1.263 
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8.11.  Effect*  of  Space  Radiation  on  Optical  Materials 

The  large  flux  and  energy  of  the  elect:  ins  in  the  low-lying  Van  Allen  belt  indicates 
that  effects  on  the  spectral  transmission  of  various  materials  may  be  appreciable. 
An  example  cf  the  effect  of  1-Mev  electrons  on  the  transmission  of  various  materials 
is  shown  in  Table  8-22,  taken  from  data  by  Cooley  and  Janda  [79].  Many  of  the  mate¬ 
rials  shown  in  Table  8-22  are  also  used  as  cover  materials  for  solar  cells  in  satellites. 

The  decrease  in  transmission  of  fused  quartz  windows  as  a  result  of  radiation  occurs 
fairly  rapidly  during  the  initial  exposure,  with  the  change  being  much  less  in  mag¬ 
nitude  as  the  total  radiation  dooe  aocimulates.  There  have  also  been  large  differences 
observed  in  the  amount  of  reduction  in  transmission  as  a  result  of  radiation,  and  this 
is  believed  to  be  due  to  the  impurity  content  of  the  quartz.  In  the  studies  of  solar 
cell  windows  [79]  the  poorest  quartz  had  50  to  70  ppm  of  impurities,  and  the  best  had 
less  than  1  ppm.  From  these  studies  it  was  apparent  that  extreme  care  is  essential 
in  the  selection  of  transparent  material  such  as  fused  quartz  if  a  minimum  of  reduced 
transmission  as  a  result  of  radiation  is  desired. 

In  the  case  of  glasses  and  crystals  used  as  optical  elements  in  infrared  systems, 
the  effects  of  radiation  have  net  been  extensively  studied.  In  the  case  of  glasses  it 
would  be  expected  that  color  formation  under  a  radiation  emrronment  would  be  severe. 
As  a  result  of  "built  in"  impurity  centers  in  the  glass  network,  radiation  may  form 
displaced  electrons  with  negative  ion  sites  oi  icancies,  to  form  color  centers.  It  ap¬ 
pears,  however,  that  although  color  centers  severely  affect  the  visible  transmission,  in 
some  cases  they  do  not  appreciably  influence  the  transmission  characteristics  in  the  in¬ 
frared  region.  Until  more  information  is  available  it  appears  that  the  problems  for  a 
giver,  optical  element  might  best  be  solved  by  exposing  this  element  to  radiation  levels 
corresponding  with  the  flux  and  energy  expected  to  bo  present  in  the  particular  orbit 
encountered  in  its  space  environment.  The  element  should  be  examined  before  and 
after  radiation  in  the  desired  spectral  region. 


Table  8-22.  Effects  of  1-Mbv  Elec  raws  on  Spectral  Transmittance 
of  Optical  Materials  (Total  Dose  of  10'*  el  cm*) 


Hutmol  Dncripoum 

50%  Cutof 
Pouti  (*> 

WanUngtk  (a) 

0.40  0  80  0  80 

0.70 

1.  Micro  ihaat  Corning  0311,  6  mil 

T. 

_ 

88.0 

90.0 

900 

90.0 

T, 

- 

82.0 

65  0 

87.0 

98.0 

AT 

- 

79 

56 

3.3 

12 

X  I  weed  aibca,  Corning  7*t0, 

T, 

- 

880 

90  0 

900 

900 

86  mil 

T, 

- 

88.6 

88.6 

88.0 

98  0 

AT 

- 

08 

1.7 

12 

1.1 

S.  Fuaad  alia,  Corning  7*40, 

T. 

<U16 

Below  60% 

880 

90.0 

810 

*1  mi!  +  antiroSacting  outing 

+  T>l«a-  lifer 

T, 

0.436 

eufaff 
Bakrw  SO* 

83.0 

880 

90  0 

AT 

_ 

cutoff 

1.1 

12 

1.1 

1  Njahrowaiag  lima  gitm 

T. 

0.366 

88.0 

880 

890 

890 

Corning  SMS,  daaait/  2.7, 

T, 

- 

38.0 

30 

*1 

36 

83  mil* 

AT 

- 

- 

- 

- 

- 

S.  Noubrowning  land  giaaa 

T. 

0.360 

72.0 

73.0 

74.0 

74.0 

Corning  8986,  daoaity  3.?, 

T  , 

- 

210 

210 

220 

24.0 

60  mil 

AT 

- 

- 

- 

- 

- 

6  Higb-daoaitjr  load  giaaa 

T. 

0.302 

810 

84.0 

860 

840 

T, 

0.402 

710 

78.0 

310 

tJ.V 

AT 

- 

112 

7.1 

3.6 

11 

?'»  -  Initial  preirradiated  tranamittancc. 

Tr”-  Tmnamittance  after  I  O'*  r/cm1 
AT  “  Decraaae  in  tranimittance. 

‘Radiation  cauaed  internal  crazing  in  ^pxi  nen  diffusing  light 


REFERENCES 


365 


References 

1.  S.  S.  Ballard,  X.  A.  McCarthy,  and  W.  L.  Wo1'**  Optical  MateriaU  for  Infrared  Instrumentation, 
238Q-U-S  (1959);  Supplement  23S9-U-S,  (1961),  The  University  of  Michigan,  Ann  Arbor. 

2.  J.  Jerger,  Jr.,  Investigation  of  Long  Wavele'.tgth  Infrared  Transmitting  Classes,  loch.  Docu¬ 
ment  Report  ASD-TDR-63-552,  Servo  Corp.  of  America,  Uicksville,  N.Y.  (1963). 

3.  New  High  Temperature  Infrared  Transmitting  Glasses,  Texas  Instruments  Incorporated, 
Dallas.  Texas  (1963). 

4.  M  Hcrzberger  and  C.  D.  Salzberg,  J.  Op!.  Soc.  Am.,  52.  420  (1962). 

5.  Quarterly  Progress  Report,  July,  August  and  September  1963,  Tec.i.  Rept.  No.  2900-455-P, 
Institute  of  Science  and  Technology,  The  University  of  Michigan,  Ann  Arbor,  Mich.  (Nov  1963). 
CONFIDENTIAL 

6.  A.  E.  Conrady,  Applied  Optics  u nd  Optical  Design,  Dover,  New  York  (1957). 

7.  O.  S.  Heavens,  Optical  Properties  of  Thin  Solid  Films,  B utter vf""th  Scientific  Publications, 
London  (1955). 

8.  H.  O.  McMahon,  J.  Opt.  Soc.  Am.,  40,  376  (1950). 

9.  G.  Hass  and  A.  F.  Turner,  "Coatings  for  Infrared  Optics,”  Reprint  from  W’ssenschaftliche 
Verlagsgeoellschaft  m.  b.  h  ,  Stuttgart,  143-163. 

10  Private  Communication,  Haynes  Stellite  Cc.,  Kokomo,  Ind. 

11.  J.  R.  Jenness,  Jr.,  J.  Opt.  Soc  Am.,  46,  157  (1956). 

12.  J.  T.  Cox  and  G.  Hass,  J.  Opt.  Soc.  Am.,  48,  677  (1958). 

13.  A.  P.  Bradford,  W.  W.  Erbe,  and  G.  Hass,  J.  Opt.  Soc.  Am.,  49,  990-991  (1969). 

14.  G.  R.  Hennig,  Moderator,  "Shields  and  Auxiliary  Equipment,”  talk  given  at  the  colloquium 
on  the  Effect  of  Radiation  on  Materials  at  Johns  Hopkins  University,  Baltimore,  Md.  (1957). 

15.  T.  A.  Longo,  Nucleon  irradiation  of  Silicon  Semiconductors,  Special  Report  to  Signal  Corps., 
PuH"»  University,  LaFayette,  Ind.  (1967). 

IS.  L.  D.  Jaffe  and  J  B.  R'ttenhouse,  Behavior  of  MateriaU  in  Space  Enviro  .  ,wnts,  Technical 
Report  32-150,  Jet  Propulsion  Laboratory,  California  Institute  of  Technology,  Pasadena, 
Calif.  (1 J61). 

17.  R.  W.  King,  N.  J.  Broadway,  and  S.  Pminchak,  The  Effect  of  Nuclear  Radiation  on  Elastomeric 
and  Plas'Jc  Components  and  MateriaU,  REIC  Report  No  21,  The  Radiation  Effects  Information 
Center,  Battelle  Memorial  Inst ,  Columbus,  Ohio  (1961). 

18.  K.  Kobnyeski,  Phys.  Rev.,  192,  348  (1956). 

19.  A.  F.  Cohen  and  L.  C.  Templeton,  Solid  State  Division  Progress  Report,  ORNL-2188,  Oak 
Ridge  National  Laboratories,  Oak  Ridge,  Tenn.  (1956). 

20.  R.  Berman,  F.  E.  Simon,  P.  G.  Klemens,  and  T.  M.  Fry,  Nature,  166,  277  (1950). 

21.  J.  J.  Harwood,  H.  H.  Hausner,  and  J.  G.  Morse,  The  Effects  of  Radiation  on  MateriaU,  Reinhold, 
New  York  (1958). 

22.  F.  A.  Bovey,  Effects  of  Ionizing  Radiation  on  Natural  and  Synthetic  High  Polymers,  Inter¬ 
science,  New  York  •  1958). 

23.  N.  J.  Broadway,  M.  A.  Youtz,  S.  Paiinchak,  and  R.  Mayer,  Effect  of  Nuclear  Radiation  on 
Elastometi:r  and  Plastic  MateriaU,  Battelle  Memorial  Institute,  Radiation  Effects  Information 
Center,  Rept.  3  and  Addenda,  Columbus,  Ohio  (1958-1960). 

24.  J.  F.  Fowler  and  F  T.  Farmer,  Nature,  171,  1020-1021  (1953) 

25.  J.  F.  Fowler  and  F.  T.  Farmer,  Nature,  174,  136- 137  (1954). 

26.  L  A.  Wall  and  P.  E.  Florin,  J.  Appl.  Polymer.  Sc i.  1,  251  (1959). 

27.  C.  D.  Bopp  and  O.  Sisman,  Nucleonics,  13,  No.  7,  28-33  (1966). 

28.  C  D.  Bopp  and  O.  Sisman,  Nucleonics,  13,  No.  10,  51-55  (1955). 

29.  R.  A.  Mayer,  N.  J.  Broadway,  and  S.  Pmlinchuk,  Effect  of  Nuclear  Radiation  on  Protective 
Coatings,  Battelle  Memorial  Institute,  Radiation  Effects  Information  Center,  Rept  13,  Colum¬ 
bus,  Ohio  (1960). 

30.  J.  ?  ShoiTner,  J.  of  Teflon,  2,  No.  1,  6-7  (1961). 

31  J.  h.  Coleman  and  D.  Bohm,  J.  Appl.  Phys.,  24,  497-498  (1953). 

32.  A.  J.  Warner,  F.  A.  Muller,  and  H  G.  Nordlin,  J.  Appl.  Phys.,  25,  131  (1954). 

33.  P.  Y.  Feng  and  J  W.  Kennedy,  J.  Am.  Chem.  Soc.,  77,  Pari  1,  847-851  (1955). 

34.  A  Charlesby,  "Eficct*  of  Radistior.  on  Behavior  and  Properties  of  Polymers,”  in  J.  J.  Harwood, 
H.  Hausner,  J.  G.  Moive,  and  W.  G.  Rauch  (eds.',  Effects  of  Radiation  on  Materials,  Reinhold, 
New  York,  261-286  (1953). 

35  K.  R  Ferguson,  "Design  and  Construction  of  Shielding  Windows,”  Nucleonics  10,  No.  11, 
46-51  (1952) 

36.  G.  S.  Monk,  "Coloration  of  Optical  Glass  by  High-Energy  Radiation,”  Nucleonics  10,  No.  11, 
52  55  (195?' 


366 


OPTICAL  MATERIALS 


37.  N  J.  Kreidl  and  J.  R.  Hensler,  J.  Am.  Ceram.  Soc  ,  38,  423-33  (1955). 

38.  N.  J.  Kreiai  and  J.  R.  Hensler,  J  Opt.  Soc.  Am.,  47,  73-74  (1957). 

39.  R.  L.  Hines,  J.  Appl.  Phys..  28,  587-91  (1957). 

40.  J.  F.  Hansen,  S.  E.  Harrison,  W,  L.  Hood,  D.  J.  Hamman,  W.  E.  Chapin,  and  E.  N.  Wyler, 
Effect  of  Nucleai  R  j.diati.cr.  on  Electronic  Component s  end  Systems,  3attelle  Memorial  institute, 
Rad’ation  !'ffects  Information  Center,  Repts.  2  and  12,  Columbus,  Ohio  (1957  and  1960). 

41  J.  K.  Davis,  Electrical  Mfg.  59.  No.  6,  151-156  (1957). 

42.  M.  Levy  and  J.  H.  0.  Varley,  free.  Phys.  Soc.,  B68,  223-233  1955). 

43.  A.  J.  Gs’ .  and  F.  A.  Bickford,  Nucleonics  11,  No.  8,  48  (1953). 

44.  F.  S.  Dainton  and  J.  Rowbottom,  Trans.  Faraday  Soc. ,  50,  480-493  (1954). 

45  P.  W.  Levy,  J  Chem.  Phys. ,  23,  764-765  ( 1955). 

46.  W.  Primak,  L.  H.  Fuchs,  and  P.  Day,  J.  Am.  Ceram.  Soc.,  38,  135-139  (1955), 

47.  J.  H.  Crawford.  Jr.,  and  M.  C.  Wittels,  "Review  of  Investigations  of  Radiation  Effects  in  Ionic 
and  Covalent  Crystals,"  Proc.  Inti.  Conf.  on  Peaceful  Uses  of  Atomic  Energy,  United  Nations, 
N.Y.  (1955),  7,  Nuclear  Chemistry  and  Effects  of  Irradiation,  654-665. 

48.  M.  Swerdlow  and  R.  F.  GeUer,  Survey  of  Radiation-Resistant  Glass,  U.S.  National  Bureau 
of  Standards  unpublished  report  to  U.S.  Air  Force,  Wright  Air  Envelopment  Center,  on  Order 
33(616)50-17  0957). 

(9.  L.  Reifiel.  ?stin,  D.  Karen,  L.  Marchi,  and  H.  Nakamura,  Radiation  Sensitive  Glosses, 
Armour  Research  Foundation,  Final  Rept.  to  U.S.  Army  Evans  Signal  Lab.,  Project  A031-4, 
Chicago  (1963). 

50.  C.  M.  Nelson  and  R.  A  Weeks,  J.  Appl.  Phys.,  82,  883-886  (1961). 

51.  E.  W.  J.  Mitchell  and  E.  G.  S.  Paige,  Phil.  Mag  ,  Series  8, 1.  1086-11 15  (1956). 

62.  G.  J.  Dienes  and  G.  H.  Vineyard,  Radiation  Effects  ir.  Solids,  Intersc  once,  New  York  (1957). 

53.  F.  Seitz  and  J.  S.  Koehler,  Displacement  of  Atoms  During  Irradiation,  in  F.  Seitz  and  D.  Turn- 
bull  (eds.),  Academic  Press,  New  York,  2,  307-448  (1956). 

54.  D.  S.  Lillington,  "Radiation  Effects  in  Metals  and  Alloys,”  in  Effects  of  Radiation  on  Materials, 
J.  J.  Harwood,  H.  Hausner,  J.  G  Morse,  and  W.  G.  Rauch  (eds.).  Reinhold,  New  York,  99-125 
(1958). 

55.  B.  C.  Allen,  A.  K.  Wolff,  A.  R.  Elsea,  and  P.  D.  Frost,  Effect  of  Nuclear  Radiation  0.1  Structural 
Metals,  Battelle  Memorial  Inst.  Radiation  Effects  Information  Center,  Itept.  5,  Columbus, 
Ohio  (19531 

56  P.  J.  Reid,  J.  W.  Moody,  Effect  of  Nuclear  Radiation  on  Magnetic  Materials,  Battelle  Memorial 
Inst.  Radiation  Effects  Information  Center,  Tech.  Memo  12,  Columbus,  Ohio  (1958). 

57.  J.  M.  Denney,  "Radiation  Damage  to  Satellite  Solar  Cell  Power  Systems.”  Am.  Rocket  See. 
Reprint  1295-60  (1960);  in  "energy  Conversion  for  Space  Power,”  ed.  by  N.  W.  Snyder,  Aca¬ 
demic  PriTs,  New  York,  345-61  (1961). 

58.  H.  Y.  Fan  and  K.  Lark-horovitz,  "Irrad’ation  Effects  in  Semiconductors,”  in  Effects  of  Radiation 
on  Materials,  J.  J.  Harwood,  H.  Hausner,  J.  G.  Morse,  and  W.  G.  Rauch  (eds.),  Reinhold,  New 
York,  99-125  (1958). 

59.  C.  M.  Nelson  and  R.  A.  Weeks,  J  Appl  Phys.,  32,  883-886  (1961). 

60  J.  C.  Pigg  and  C.  G.  Robinson,  Electrical  Mfg.,  59,  No.  4,  116-124  (1957). 

61.  G.  Enslow,  F  Junga,  and  W.  W.  Happ,  Gamma  Radiation  Effects  in  Silicon  Solar  Cells,  in 
3rd  ARDC  Radiation  Effects  Symp.,  4,  Lockheed  Nuclear  Products  Div.,  Marietta,  Georgia 
(1958). 

62  G.  L.  Keister  and  H.  V.  Steward,  Proc.  Ins!  Radio  En g  » i,  931-9'’?  (1957). 

63.  H.  L.  Steele,  "Effects  of  Gamma  Radiation  on  Transistor  Parameters,”  Proc.  Transistor  Re 
liability  Symp.,  New  York  University,  New  York,  96  i  956). 

64.  J.  E.  DrennenandS.  E.  Hamson,  Effect  of  Nuclear  Radiation  on  Semiconductor  Diodes,  Battelle 
Memorial  Institute,  Radiation  Effects  Information  Center  Tech.  Memo  6,  Columbus,  Ohio 
(1958). 

65.  F.  Gordon,  Effects  of  Nuclear  Radiation  on  Power  Transistors,  in  3rd  ARDC  Radiation  Effects 
Symposium,  4,  Lockheed  Aircraft  Corp.,  Nuclear  Products  Div.,  Marietta,  Georgia  (1958). 

66.  T.  E.  Lusk,  Electronic  Design,  8,  No.  22,  74-75  (1960). 

67.  R  G.  Downing,  "Electron  Bombardment  of  Silicon  Solar  Cells,”  A.  Rocket  Soc.  Reprint  1294-60 
(1960);  Energy  Conversion  for  Space  Power,  N.  W.  Snyder  (ed.),  Academic  Press  Mew  York, 
325-344  (1961). 

68.  D.  S.  Billington,  "Radiation  Effects  in  Metals  and  Alloys,”  Effects  of  Radiation  on  Materials, 
J.  J.  Hardwood,  H.  Hausner,  J  G.  Morse,  and  W.  G.  Rauch  (eds.),  Reinhold,  New  York,  99-125 
(1958). 


REFERENCES 


367 


69  B.  C  Al.en,  A.  K.  Wolff,  A.  R.  Elsta,  and  P.  D.  Frost,  Effect  of  Nuclear  Radiation  on  Structural 
Metals,  Battelle  Memorial  Inst.  Radiation  Effects  Information  Center,  ftept  5,  Columbus, 
Ohio  (1958). 

70.  F.  J.  Reid  and  J.  W.  Moody,  Effect  of  Nuclear  Radiation  on  Magnetic  Materials ,  Battelle  Memo¬ 
rial  Inst.,  Radiation  Effects  Information  Center,  Tech.  Memo  12,  Columbus,  Ohio  (1958). 

71.  G.  F.  Linsteadt  and  H.  P.  Leet,  Proc.  IRIS,  6,  No  3,  159  (1961). 

72.  D  L  Stierwalt  D.  D.  Kirk,  and  J.  B.  Bernstein,  Foundational  Research  Projects,  Ju!y-Septem- 
ber  1962,  Navweps  Report  7237,  Naval  Ordnance  Laboratory,  Corona,  Calif.  (1962).  Alao  in 
in  Appl.  Optics,  2,  '  169  (1963). 

73.  L.  Harris  and  K.  F.  Cuff,  J.  Opt.  Soc.  Am.,  46,  160  (1956). 

74.  Henry  H.  Blau,  Jr.,  Eleanor  Chaffee,  John  R.  Jasperse,  and  William  S  Martin,  High  Tempera 
turn  Thermal  Radiation  Prop *:f  is  of  Solid  Materials.  Arthur  D.  Little,  Inc.,  Cambridge, 
Mass.  (1960). 

75.  M.  Centeno,  J  Opt.  Soc.  Am.,  31,  245  (1941) 

76.  B.  McSwain  and  J.  Bernstein,  Foundational  Research  Projects,  October-December  1960, 
NOLC  539,  Naval  Ordnance  Laboratory,  Corona,  Calif.  (1961). 

77.  L.  D.  Kislovskii,  Optics  and  Spectroscopy,  7,  201  (1959). 

78.  N.  Ockman,  Dissertation,  University  of  Michigan,  Ann  Arbor  (1957). 

79.  W.  C.  Cooley  and  R.  J.  Janda,  Handbook  of  Space  Radiation  Effects  on  Solar  Cell  Power  Sys¬ 
tems,  NASA  Rept.  SP-3003  (1963). 


BLANK  PAGE 


$ 


Chapter  9 
OPTICS 


Warren  J.  Smith 

Infmred  Industries,  Inc. 


} 

! 

) 


i 

v 


CONTENTS 


9.1.  Terminology,  Symbols,  and  Sign  Convention .  371 

0.1.1.  Terminology .  371 

9.1.2.  Symbols . 371 

9.1.3.  Sign  Convention .  371 

9.2  First-Order  (Gaussian)  Optics .  371 

9.2.1.  Focal  Points  and  Principal  Points .  371 

9.2.2.  The  Cardinal  Points  of  Elements .  373 

9.2.3.  Multielement  Optical  Systems .  375 

9.2.4  Paraxial  Ray  Trace  -  Surface  by  Surface .  377 

9.3.  Limitation  of  Rays  by  Stops  and  Apertures .  377 

9.3.1.  The  Aperture  Stop .  377 

9.3.2.  '  The  Field  Stop . 378 

9.3  3.  Vignetting .  378 

9.3.4.  Glare  Stops  and  Baffling .  379 

9.3.5.  Relative  Aperture,  Speed,  F/No, 

Numerical  Aperture .  379 

9.3.6.  Depth  of  Field  and  Depth  of  Focus .  380 

9.4.  Aberrations .  381 

9.4.1.  Aberration  Description .  381 

9.4.2.  The  Seidel  Aberrations .  382 

9.4.3.  Correction  of  Aberrations .  385 

9.4.4.  Variations  of  Aberrations  with 

Aperture  and  Image  Size .  385 

9  4.5.  Zonal  and  Residual  Aberrations .  386 

9.4.6.  Chromatic  Variation  cf  Aberrations .  386 

9.4.7.  Graphical  Representation  of  Aberrations .  386 

9.5.  Ray  Tracing .  388 

9.5.1.  Ray-Tracing  Precision .  380 

9.5.2.  Determination  of  Specific  Aberrations .  388 

9.5  3.  Ray -Tracing  Equations .  390 

y.5.4.  Graphical  Ray  Tearing .  398 


369 


OPTICS 


9.6.  Third-Order  Aberrations .  399 

9.6.1.  Third-  and  Higher-Order  Abei  rations  - 

Surface  Contributions .  399 

.6.2.  Third-Order  Aberration  Contributions  of  Thin  L  ;nces . 4C2 

9.6.3.  Stop  Shift  Theory .  40-i 

9.6.4.  Afocal  Systems .  40G 

9.7.  Optical  Design  Techniques .  406 

9.7.1.  General  Considerations .  406 

5.7.2.  Correction  of  Primary  Aberrations .  406 

9.7.3.  Reduction  of  Residual  Aberrations .  407 

9.7.4.  Automatic  Design .  408 

9.8.  Achromatism  and  Achromats .  409 

9.9.  Resolution,  Definition,  and  Image  Spot  Size .  410 

9.9.1.  The  Airy  Disc .  410 

9.9  2.  The  Effects  of  Aberrations  on  the  Airy  Diac .  413 

9.9.3.  Geometrical  Limits  on  Resolution .  413 

9  10  Summary  of  Equations .  417 


370 


9.  Optics 


9.1,  Terminology,  Symbols,  and  Sign  Conventions 

The  formulas  of  geometrical  optics  are  the  result  of  selective  application  of  Snell’s  law, 

n  sin  I'  —  n  sin  /  >9-1 ) 

This  can  also  be  written  in  vector  form.  Let  Q0  be  a  vector  representing  the  incident 
ray  and  Qi  the  emergent  ray,  and  let  N  =  the  surface  normal.  Then  Snell’s  law  is 

(n„Q.  —  n  ,Q, )  x  N  =  0  (9-2) 

Optical  systems  are  usually  compost  of  a  series  of  surfaces  of  revolution,  often  spher¬ 
ical.  The  optical  axis  of  a  lens  or  system  is  that  line  upon  which  the  centers  of  curvature 
of  the  surfaces  lie.  Unless  'he  contrary  is  specifically  noted,  optical  systems  are 
assumed  to  b?  axially  symmetrical. 

9.1.1.  Terminology. 

An  element  i?  s  single  picue  of  optical  material  (e.g.,  a  simple  lens  or  mirror). 

A  component  is  one  or  more  elements  treated  as  a  unit  (eg.,  a  cemented  doublet). 

A  member  consists  of  all  the  components  either  ahead  oc,the  front  member)  or  behind 
(the  rear  member)  the  aperture  stop. 

9.1.2.  Symbols.  In  general,  lower-case  s.vmbols  are  used  for  the  paraxial  (see 
Sec.  9.2)  values  of  quantities  and  capitals,  far  values  other  than  pa-  ,xial.  Pnmed 
symbols  refer  to  quantities  after  l  ^fraction  by  a  surface  or  a  lens.  Suliecripts  identify 
the  surface  or  lens  with  which  „  quantity  is  associated. 

9.1.3.  Sign  Convention.  With  the  exception  of  certain  aberrations,  the  sign  con¬ 
vention  follows  that  given  in  Applied  Optics  an  1  Optical  Design,  by  A.  E.  Conrady, 
Dover,  New  York  (1957).  Light  is  assumed  to  progress  from  left  to  right.  Radii  and 
curvatures  are  positive  if  the  center  of  curvature  ia  to  the  right  ,f  the  surface.  Surfaces 
or  elements  are  positive  if  thty  converge  light.  Points  lying  to  the  .ight  of  a  point, 
element,  or  surface  are  considered  tc  be  a  positive  distance  away.  Slope  angles  are 
positive  if  the  ray  must  be  rotated  counterclockwise  to  reach  tne  axis.  Angles  of 
incidence  and  refraction  arr  positive  if  the  ray  must  be  rotated  clockwise  to  reach  the 
normal  to  the  surface. 

9.2.  First-Order  (Gae.--i«n)  Optics 

The  first-order  expressions  are  derived  by  reducing  the  ex  id  trigonometrical  ex¬ 
pressions  for  ray  paths  to  th?  limit  when  the  angles  and  ray  ! -eights  involved  approach 
zero.  These  expressions,  however,  are  compk'ely  accurate  for  the  paraxial  region. 

9.2.1.  Focal  Points  and  Principal  Points.  A  well-corrected  optical  system  can 
treated  as  a  "black  box"  whose  characteristics  are  defined  by  its  cardinal  pont-s, 
which  are  its  first  and  second  focal  points  and  its  first  and  second  principal  points. 

The  cardinal  points  are  shown  in  Fig.  9-1. 
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Optica] 
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Fig.  9-1.  Location  of  focal  and  principal  points  of  ar  optical  system. 


9. 2. 1.1.  hnnpe  Position.  The  location  of  t  he  image  formed  )  y  an  optical  system  can 
be  determined  by  either  of  the  following  expressions: 


(the  quantities  are  defined  in  Fig.  9-2).  If  the  object  or  image  lies  to  the  left  of  the 
principal  or  focal  point,  s,  s',  x,  and  x  are  negative. 


Optical 

System 


Fig.  9-2.  Relationships  between  cardinal  points  and 
position  and  site  of  object  and  image. 
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9.2. 1.2.  Magnification.  Lateral  magnification  relutes  the  heights  of  image  and  object 

and 's  given  bv  , 

B  ‘  m  =  --fix  =  -x'tt  =  h!h  =  s' fa  (9-4) 

(the  quantities  are  defined  in  Fig.  9-2). 

liongitudinsi  magnification  relates  the  lengths  (or  depths (  along  the  optical  axis  of 
image  and  object  and  is  given  by 

m-  s'is'j/sis2  =  m 1  (approx)  (9-5) 

where  s,  is  the  distance  from  the  principal  points  to  the  edges  of  the  object  and  image 
nearest  the  optical  system,  and  s  -  is  the  distance  ftvan  the  principal  points  to  the  edges 
most  distant  from  the  optical  system. 

9.2. 1.3.  The  Lcgrangian  Invariant.  Figure  9-3  shows  an  axial  ray  and  a  principal 
ray  passing  through  an  image-forming  optical  system.  The  Lagrangian  invariant 
applies  wherever  either  ray  crosses  the  axis. 

/  =  hnu  =  h'n'  u'  =  ynupr  (I’d. 

Outside  the  paraxial  legion  the  invariant  takes  the  form  h n  (sin  u),  and  is  also  ca bed 
the  Law  of  Sines.  A  rearrangement  of  Ea.  (9-6)  yields  an  additional  relationship 
for  the  magnification: 

h'  nu  u  , 

m  -  —  (in  air)  (9-7) 

h  n  u  u 


Optical  System 


Index  n 


Index  n’ 


h 

_U r3l 


Fig.  9-3.  The  Lagrangian  invariant. 

9.2.2.  The  Cardinal  Points  of  Elements.  Figure  9-4  shows  the  location  of  the  car¬ 
dinal  points  of  different  types  of  rbinents.  Their  values  are  (see  Fig.  9-4a  for  definitions 
of  symbols):  ,  r  _ 


/  =  -/■'  =  - 


nr ir»  convergent  f  n  0 

A  divergent  f  <  0 


x  n  X'  1 

o  =  n  — ,  8  =  —n  — 

A  A 


d-(n  —  D-7-,  d  =  (n  - 

A  A 


where  A  =  (n  —  l)[n(ri  —  r*)  —  in  —  1)/] 


n  —  r 


n  —  1 


1  -  n  ’ 


r.  =- 


1  -  n 
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Fig.  J-4.  Location  of  principal  points  for  thick 
lenses  of  various  common  shapes. 


Fig.  9-4q.  Definitions  of  symbols. 
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9.IU.1.  Thick-Lens  Equations.  The  cardinal  points  of  an  element  of  appreciable 
thickness  are  given  by  the  following  equations: 


power  =<£=--  =  <  n  —  1 ) 


1  _1_  in  -  1)/ 
r,  r>  /i/,r2 


=  in  -  1 ) 


(n  -  1) 

C|  ~  C;  + - (C|C; 


back  focus  =  b.f.l.  =  f—— - —  tf 

nr, 


(9-8) 

(9-9) 


9.2.2.2.  Thin-Lens  Equations.  A  thin  lens  can  be  defined  as  a  lens  whose  thickness 
is  negligible  compared  to  the  accuracy  required  for  the  calculation  If  one  sets  t  =  0, 
Eq.  (9-8)  reduces  to 

<t>  ~  j  =  in  —  1)  =  in  -  l)(c,  -  c2)  (9-10) 

The  power  of  a  thin  element  can  be  held  constant  for  an  infinite  number  of  element 
shapes  by  varying  the  ratio  of  the  curvatures  of  radii  while  (c,  —  c2)  is  held  constant, 
a  process  called  bending. 

The  principal  points  of  a  thin  lens  are  taken  to  be  coincident  with  its  location. 

9.2.2.3.  Mirrors.  The  cardinal  points  of  a  mirror  in  air  m  be  derived  by  assuming 
an  index  of  (—1)  for  the  medium  following  the  reflecting  surface  and  applying  the  thin- 
lens  expression  for  power,  neglecting  c2.  Thus,  for  a  mirror, 

<t>  =1  =  (_i  -  1)2  =  — =  -  2c 
f  r  r 

(9-11) 

/■=  — 0.5r 

The  principal  [oints  are  coincident  with  the  mirror  surface. 

The  sign  convention  for  distance  after  reflection  is  reversed  as  a  result  of  the  re¬ 
flection  index  of  ( —1 ).  Thus,  the  distance  from  the  mirror  to  an  image  lying  to  the  left 
of  the  mirror  is  taken  as  positive  instead  of  negative. 

9.2.3.  Multielement  Optical  Systems.  For  optical  systems  of  more  than  two 
elements,  it  is  preferable  to  determine  the  image  locations  and  sizes,  and  the  cardinal 
points,  by  tracing  the  paths  of  specific  rays.  It  is  also  possible  to  calculate  the  position 
and  size  of  an  image  by  repeated  application  of  Eqs.  (9-3),  (9-4),  and  (9-5). 

9.2.3.I.  Ray  Treeing  a  Series  of  Elements.  Given  a  series  of  elements  with  powers 
<J>i,  <t>t,  $3,  ....  <hn  separated  by  distances  d\,  d'  j ,  d s, ....  the  path  of  a  ray  through 
tiie  series  may  be  traced  by  repeated  applications  of  the  following  equations: 

u'i  -  u,  +  y,<t>i  (9-12) 

yi  + 1  =  y,  -  d\ui  (9-13) 

where  ui  is  the  slope  oi  the  ray  approaching  the  element  i 

u  is  the  slope  of  the  ray  it  has  passed  after  through  element  i 
y,  u.  the  height  at  which  the  ray  strikes  the  element 

(These  equations  are  most  useful  for  tiacing  through  a  series  of  thin  lenses,  but  they 
can  be  applied  equally  well  to  thick  lenset,  by  taking  y  as  the  height  at  which  the  ray 
strikes  the  principal  planes  and  d  as  the  spacing  between  principal  points.) 
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Thus,  to  determine  the  caidinal  points  of  a  system,  one  can  trace  u  ray  with  u,  —  0 
and  a  nominal  value  for  y,.  Then  the  effective  focal  length  ia  given  by 

f—  ytlu'n  (9-14) 

and  the  back  focal  length  is  given  by 

b  —  yju'n  (9-15) 

Reversing  the  system  and  repeating  the  process  will  yield  the  other  set  of  cardinal 
points. 

Alternatively,  a  ray  may  be  traced  from  the  axial  intercept  of  the  object  through 
the  system.  The  starting  slope  for  such  a  ray  is  given  by 

£-‘i  =  ytlsi  (9-16) 

and  the  image  is  located  at 

s'„  =  yju\  (9-17) 

The  size  of  the  image  is  then 

h'  «  huju'n  (9-18) 

Also,  a  principal  ray  may  be  traced  from  c  specific  off-axis  point  in  the  object;  its  intercept 
in  the  image  plane  is  then  the  image  of  the  object  point.  This  heigr.t  may  thus  be  found 
from 

h'  =  ypr  —  s  ;i'pr  (9-19) 

where  the  subscript  pr  indicates  the  principal-ray  data. 

9.2.3.2.  Combination  of  T wc  Eienunts.  Given  two  elements,  A  and  B,  separated  by 
a  distance  d,  with  focal  lengths  fA  and  fg,  powers  d>„  nnd  4>„,  a  'Combined  focal  length 
fAH ,  and  back  focus  s',  and  v  the  distance  from  element  A  to  the  focus  (v  =  d  +  s'),  then 
one  or  more  of  the  following  expressions  will  be  found  to  cover  almost  my  desired 
relationship. 


f*a  — 


U  +  h-d 


(9-20) 


s  ’ 


f  a(f A  ~  d) 
h  +  fs-d 


—  f AB  —  f/.g(  1  —  4>Ad) 


f AtLKf  <  -  _  (v  -  fA)  +  V(v  -  ft  )*  -  4/~fl  ( v  —  (a) 

f A  ~  f AB  2 


(9-21 


f  _  f And 

t  *  ~  ; 

f*h  -  s 


(9-22) 


fu¬ 


s'd 


f AH  -  s'  —  d 


(9-23) 


,  f„s  fAfa  (v  -r/^)-r  \fjv-  (a)1-  4fg(v-fA) 

d  =  7 - ;  -  f.A  +  ft-  t —  = - - - (9-24) 

fa  ~  S  fAa  ? 


If  a  minimum  2d>  is  deoired  where  v  and  fA*  are  given,  one  sets 

d  -■  v  -  f ab  ±  VJ^fTa  ~  v) 


(9-25' 


and 


s'  -  f AB  -  VfA*{fAB  -  V ) 


(9-26) 
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9.2.4,  Paraxial  Ray  Trace  — Surface  by  Surface.  It  in  often  more  convenient 
to  locate  images,  determine  focal  lengths,  and  so  on,  by  tracing  paraxial  (first-order) 
rays  through  an  optical  system  surface  by  surface,  especially  when  precise  values  are 
required. 

Given  an  optical  system  with  radii  r,,  rt,  r3, ...,  r,  separated  by  distanced  t\,  *'».  t'j, 
...,  t'r  -i  and  an  object  of  height  h  an  axicl  distance  l\  from  the  vertexof  r)t  then  rays  may 
be  traced  through  the  system  by  repeated  application  of  the  following  equations: 

( u'<n'< )  -  Ui-,m  +  y,(n',  -  n<)/r,  ( 9-27 ) 

yui  =y<  ~  t'i(u'in'i)/ n',  (9-28) 


where  u't  =  uui  is  the  slope  of  the  ray  after  refraction  at  surface  i  and  yi  is  the  height 
that  the  ray  strikes  surface  i. 

Focal  lengths,  fecal  points,  image  positions,  and  image  sizes  may  be  found  by  the 
process  described  in  Sec.  9.2.3. 1  and  given  by  Eqs.  (9-14)  through  (9-19). 

Where  the  axial  intercept  of  a  ray  is  the  only  item  of  interest,  the  following  equations 
may  be  used' 


n 

7 


ana 


_  n 
~  l 

/<♦. 


( n  -  n) 

-i - 

r 

(9-29) 

=  l'i  - 

(9-30) 

More  detailed  information  on  ray  tracing  is  provided  in  Sec  9.1). 

9.3.  Limitation  of  Rays  by  Stops  and  Apertures 

Apertures,  or  stops,  limit  the  passage  of  energy  through  an  optical  system. 

D.3.1.  The  Aperture  Stop.  By  following  the  path  of  the  axial  rays  in  Fig.  9-5,  the 
aperture  stop  can  be  determined.  Diaphragm  #  1  is  the  aperture  stop  of  the  system. 
This  limits  the  size  of  the  axial  cone  of  ener"  ’  object  since  all  the  other  ele¬ 

ments  are  large  enough  to  accept  a  bigger  cone.  The  ray  through  the  center  of  the 
aperture  stop  is  called  the  jirincipal  or  chief  ray  and  is  used  to  locate  the  pupils.  The 
entrance  and  exit  pupils  of  the  system  are  the  linages  of  the  aperture  stop  formed  by 
all  elements  in  object  and  image  space,  respectively.  In  Fig.  9-5,  the  entrance  pupil 
lies  in  the  objective  lens  and  the  exit  pupil  to  the  right  of  the  eye  lens  The  inter¬ 
section  of  the  principal  ay  with  the  axis  locates  the  pupils,  and  the  diameter  of  the 
axial  cone  at  the  pupil  i  di  cates  the  pupil  diameter. 


Entmnca  Entrant*  Wall  or  Diaphragm  *1  Diaphragm  11 


Fio.  9-5.  Optical  gyatem  deroonetration  entrance  and  exit 
pupils  and  windows,  field  stop,  and  glare  stops. 
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9.3.2.  The  Field  Stop.  By  tracing  the  path  of  the  principal  ray  in  Fig.  9-5,  the 
field  stop  can  be  determined.  Diaphragm  #2  is  the  field  stop  since  this  diaphragm 
would  prevent  a  principal  ray  starting  from  a  point  in  the  object  that  is  further  from 
the  axis  from  passing  through  the  system.  The  images  of  the  field  stop  in  object  and 
image  space  are  the  entrance  and  exit  windows,  respectively.  In  Fig.  9-5,  the  entrance 
window  is  coincident  with  the  object  and  the  exit  window  is  at  infinity  (which  is  coinci 
dent  with  the  image).  The  windows  of  a  system  do  not  always  coincide  with  object 
and  image. 

The  angular  field  of  view  of  an  optical  system  is  the  angle  that  the  entrance  or  exit 
window  subtends  from  the  center  of  the  entrance  or  exit  pupil,  respectively. 

9.3.3.  Vigiiettirg.  In  Fig.  9-5  the  roles  played  by  the  various  elements  of  the  sys¬ 
tem  are  definite  a  id  clear  cut.  in  a  real  system,  the  diaphragms  and  lens  apertures 
often  play  dual  'oles. 

In  the  system  shown  in  Fig.  9-6(a),  the  situation  is  clear  for  the  axial  bundle  of  rays: 
the  aperture  stop  is  the  clear  aperture  of  lens  A,  the  entrance  pupil  is  at  .4  and  the 
exit  pupil  is  the  image  of  A  formed  by  lens  B.  Some  distance  ofl  axis,  however,  the 
cone  of  energy  accepted  from  point  D  is  limited  on  its  lower  edge  by  the  lower  rim  of 
lens  A  and  on  its  upper  edge  by  the  upper  rim  of  lens  B.  This  effect  is  called  vignetting, 
end  the  appearance  of  the  system  aperture  when  viewed  from  the  object  is  shown  in 
Fig.  9-6 (b)  For  some  object  point  still  farther  from  the  axis,  no  energy  would  pass 
through  the  system. 


Extrance  Pupil  tor 
Rays  From  Point  D 


Image  of  Lens  B 
Formed  by  Lens  A 


Aperture  of  Lens  A 


-  Common  Aperture  of  A  and  B 
as  Seen  From  Point  D 


J  ^  Image  of  Aperture 
of  Lens  B 


(b) 

Fig.  9-6.  Vignetting,  (cl  The  limitation  of  the  rays  from  an  off-axis 
point  D  by  the  aperture  of  componentn  A  and  B .  (b)  Appearance  of 
the  system  aperture  when  viewed  from  point  D. 
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Thus,  for  off-axis  poinU,,  the  entrance  pupil  has  become  the  common  area  of  two 
circles,  one  the  clear  diameter  of  lens  A  and  the  other  the  diameter  of  B  as  imaged  by 
lens  A.  The  dashed  lines  in  the  figure  indicate  the  location  and  size  of  the  image  of 
B,  and  the  arrows  indicate  the  effective  entrance  pupil,  which  has  a  size  and  position 
completely  different  than  that  for  the  axial  case. 

9.3.4.  Glare  Stops  and  Baffling.  A  glare  stop  is  an  auxiliary  diaphragm  located 
at  an  image  of  the  aperture  stop  to  block  out  s*ray  radiation.  In  Fig.  9-5  the  objective 
diameter  could  be  reduced  sufficiently  so  that  it  is  the  aperture  stop.  Reflected  radia¬ 
tion  is  blocked  out  by  diaphragm  #1,  acting  as  a  glare  stop,  if  it  is  ar.  accurate  image 
of  the  objective,  since  the  stray  radiation  will  appear  to  be  coming  from  a  point  outside 
the  objective  aperture.  Another  glare  stop  could  be  placed  at  the  exit  pupil  in  this 
particular  system. 

In  an  analogous  manner,  an  auxiliary  field  stop  could  be  placed  at  image  #1  to 
further  reduce  stray  radiation. 

Baffles  are  often  used  to  reduce  the  amount  of  st~ey  radiation  ir.  a  system.  In  Fig.  9-7, 
if  radiation  from  outside  the  field  of  view  is  a  problem,  the  walls  of  the  system  can  be 
baffled  ..is  shown  in  the  lower  part  of  the  figure.  The  key  to  efficient  use  of  baffles  is 
to  arrange  them  so  that  nc  part  of  the  detector  can  "see”  a  surface  which  is  directly 
illuminated.  The  short-dash  lines  of  the  figure  indicate  the  stray  radiation  from  the 
lens.  The  long-dash  lines  indicate  the  limits  of  the  portion  of  the  sy  stem  visible  to 
the  detector,  and  the  solid  lines  indicate  the  limits  of  the  illumination  which  can  pass 
through  the  lens. 


. Ray  Paths  of  Radiation  Illuminating  the  Inside  of  the  Housing 

-  -  -  B  .files  Cutting  Off  Illuminated  Areas  from  Direct  View  of  Detector 


Fig.  9-7.  Infrared  detector  system,  showing  baffles  reducing  stray  light 


3.3.5.  Relative  Aperture.  Speeo.  F/No,  Numerical  Aperture.  As  noted  in  Sec. 
9.3.1,  the  irradiance  at  the  image  formed  by  an  optical  system  is  limited  by  the  size 
of  the  aperture  stop.  It  is  in  fact  determined  by  the  relative  size  of  the  aperture  stop, 
and  thus  the  illuminating  power  of  an  optical  system  is  frequently  expressed  in  terms 
of  relative  aperture. 

For  a  system  with  its  object  at  infinity,  the  relative  aperture  is  given  by  the  ratio  of  the 
effective  focal  length  to  the  clear  aperture  (diameter  of  the  entrance  pupil).  Thus 

/■/no  =  e.f.l. /clear  aperture  (9-31) 
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Another  wav  of  expressing  this  relationship  is  by  the  numerical  aperture,  which  is 
the  index  of  refraction  (of  the  medium  in  which  the  linage  lies)  times  the  sine  of  the 
half-angle  of  the  cone  of  illumination  Thus 

numerical  aperture  =  N.A.  —  n  sin  U  (9-32) 

For  aplanatic  systems,  one  free  from  spherical  aberration  and  coma,  numerical  aperture 
and  ft  no  are  related  by  1 

f! no  =  2N’a"  <9-33) 

The  irradiance  on  the  image  is  directly  proportional  to  the  reciprocal  of  the  square 
of  the  /'/no,  and  is  given  by  (see  Fig.  9-8) 

tNtt 

H  =  rnN  sin2  U  =  (9-34) 

4(//no)2 

where  H  is  the  irradiance  at  the  image 

r  is  the  transmission  of  the  system 
N  is  the  radianct  of  the  object 


F:c.  9-8.  Relationships  between  fi  no 
=  e.f.l. /clear  aperture  -  1/2  N.A.  —  1/2 
n  sin  u 

8.3.6.  Depth  of  Field  and  Depth  of  Focus.  The  concept  of  depth  of  field  assumes 
that  for  a  given  system  there  exists  a  blur  small  enough  that  it  will  not  affect  the  system 
performance.  It  is  then  of  interest  to  determine  the  amount  of  defocusing  which  cor¬ 
responds  to  this  blur  size  and  which  can  thus  be  tolerated.  In  photography  the  blur 
size  is  conventionally  expressed  in  terms  of  its  linear  dimension.  In  infrared  work 
the  concept  of  an  angular  blur  size  is  more  useful.  Thus,  if  e  system  with  clear  aperture 
A  will  tolerate  an  angular  blur  of  /3  radians,  one  can  see  from  Fig.  9-9  that 

8  --  fiD1/  4  (9-35) 

where  5  is  the  distance  the  object  can  be  shifted  from  its  foccsed  position  before  it 
introduces  an  angular  blur  of  /3,  and  D  is  the  disfance  from  aperture  A  to  the  object. 
(  D  is  assumed  large  compared  to  8.) 


System 

Aperture 


Fig.  9-9.  Depth  of  focus  S  resulting  from  a  tolerable  angular  blur. 
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Similarly, 

5'  -  pD‘*IA  '  ftP! A  =  pfifino)  (9-36) 

which  is  applicable  when  the  object  is  at  infinity  ami  the  distance  ( D ')  from  aperture 
to  image  is  equal  to  the  focal  length. 

If  <S  is  not  small  compared  with  D,  then 

S  =  f3D*l{A  ±  p D)  (9-3V) 


and  the  depth  of  locus  toward  the  optical  system  will  be  smaller  than  that  away  from 
the  system 

9.4.  Aberrations 

Aberrations  are  departures  from  perfect  imagery  in  an  optical  system.  A  perfect  opti¬ 
cal  system  would  bring  all  the  rays  from  a  point  object  to  focus  at  the  gaussian  image 
point;  because  of  aberrations  some  of  the  rays  do  not  focus  at  the  proper  image  point.. 

9.4.1.  Aberration  Description.  An  aberration  is  often  expressed  as  a  longitudinal, 
transverse,  or  angular  aberration.  Figure  9-10  uses  spherical  aberration  to  show  the 
relationship  among  the  three  measures  cf  that  aberration. 

See  Fig  9-10  for  the  relationship  expressed  as  follows: 


LA 


TA 

tan  U’m 


AA-f 
tan  U',„ 


(9-38) 


where  f  ic  the  system  focal  length  tor  he  distance  from  the  second  principal  plane  to 
the  focal  plane  if  the  system  is  working  at  finite  conjugates),  and  LA,  TA,  and  A  A 
refer  to  longitudinal,  transverse,  and  angular  aberrations,  respectively. 


#»• 


Fig.  9- 10.  Relationship  between  longitudinal,  transverse,  and 
angular  aberration  (uncorrected  spherical  aberration) 


Aberrations  contributed  to  a  system  by  a  particular  element,  component, or  member 
are  transferred  through  the  system  according  to  the  laws  of  magnification,  as  outlined 
in  Sec.  9.2. 1.2.  The  angular  aberration  at  the  final  image  is  the  sum  of  the  angular 
aberrations  of  all  the  contiibuting  elements  of  the  system. 

Aberrations  are  often  described  as  undercorrected  or  overcorcected.  An  aberration 
which  is  similar  in  direction  or  sign  to  that  of  a  simple  positive  lens  is  usually  called 
undercorrected.  The  sign  convention  for  each  aberration  is  given  with  the  descrip¬ 
tions  of  the  individual  aberrations  in  Sec.  9.4.2. 
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£’.4.2.  'Hi*?  Seide*  Aberrations.  The  seven  basic  aberrations  defined  below  are 
usually  referred  to  t\a  the  Seidel  ■.»  the  primary  aberrations. 

Mathematically,  transverse  ..berrations  can  be  expressed  as  a  series  expansion  in 
terms  of  the  angle  l"m  between  the  marginal  ray  and  the  optical  axis.  The  first-order 
ten  corresponds  to  r.  focusing  effect  and  can  be  eliminated  by  a  shift  of  tka  image 
reference  p!  *ne  (usually  to  the  position  of  the  paraxial  focus X  The  remaining  terms 
of  third,  fifth,  seventh,  and  so  on,  powers  of  form  a  rapidly  converging  eyries  of 
which  the  third-order  term  is  very  often  predominant.  ThiB  third-order  term  is  thus 
a  useful  approximation  of  the  image  aberrations  of  a  system,  and  the  third-order  aberra¬ 
tions,  as  they  are  called,  car,  be  calculated  from  data  derived  from  a  paraxial  ray  trace. 

9.4. 2.1.  Sph*>-*cal  Aberration.  Spherical  aberration  is  the  variation  of  focus  with 
aperture,  in  which  a  ray  through  the  margin  of  the  lens  intersects  the  axis  at  a  point 
other  than  the  oaraxial  focus.  A  system  is  undercorrected  if  the  marginal  ray  comes  to 
i  focus  before  the  paraxial  focus  (see  Fig.  9-10).  The  sign  convention  for  spherical 
aberration  iB  given  by 

LA'  =  L‘  -  l  (9-39) 

where  L’  is  the  axial  intercept  of  the  marginal  ray  and  1  iB  the  paraxial  intercept.  The 
image  formed  by  a  system  with  spherical  aberration  is  a  circular  blur. 

9.4. 2.2.  Coma.  Coma  is  the  variation  of  magnification  (or  focal  le-  th)  with 
aperture.  Because  of  comi,  rays  passing  through  the  margins  of  the  lens  interact  the 
final  image  plane  at  a  different  height  than  the  principal  ray  (whicn  passes  through 
the  center  of  the  aperture)  The  upper  and  lower  rim  rayB  of  a  (x-.nctic  Bystsm  inter 
secting  the  image  plane  below  the  principal  ray  and  the  appearance  of  a  typical  coma 
patch  are  shown  in  Fig.  9-11.  The  size  of  the  coma  patch  is  given  by 

coma,  -  H'ab  -  H'pr  (9-40) 

The  correspondence  between  the  position  of  a  ray  as  it  passes  through  the  aperture  of 
a  system  and  its  position  in  the  cornu  patch  is  shown  in  Fig.  9-12.  As  the  ray  position 
moves  90"  from  A  to  C  in  the  aperture,  its  position  moves  180°  in  the  coma  patch.  The 
distance  from  AE  to  PR  in  the  coma  patch  is  called  tangential  coma  (coma,)  and  the 
distance  from  CG  to  PR  is  celled  riegittal  coma  (coma,).  For  third-order  coma 

ocma,  =  3  •  coma,  (9-41) 


In  a  typical  coma  patch  50  to  60  percent  of  the  energy  is  contained  in  the  pointed  end 
of  the  patch  between  PR  and  CG. 

The  Abbe  sine  condition  states  that,  for  an  optical  system  to  have  perfec*  imagery 
in  the  region  near  the  optical  arid  'but  not  at  the  axis',  the  ratio  sin  Ux  :  sin  U\  must 
be  constant  for  all  rays.  The  offense  against  the  sine  coriition  (O.S.C  )  is  a  convenient 
measure  of  rma  in  the  region  of  the  optical  axis  and  is  given  by 


O.S.C 


coma, 

h 


Bln  U i  u'k  t"  —  i'pr 

u i  sin  U'k  (L'  —  I'pr) 


(9-42) 


where  Ux  and  u<  are  the  slope  angles  of  the  marginal  and  paraxial  rays  the  axial 
object  point,  U'k  and  u\»  are  the  corresponding  angles  in  image  space,  L'  and  l'  are  the 
sxi»l  intercepts  of  the  marginal  and  paraxial  rays,  and  is  the  final  intercep  of 
the  pnmipaJ  ray  (that  is,  the  position  of  the  exit  pupil).  The  quantity  tein  t/.'/u, 
is  equal  to  Yly  (the  ratio  of  the  ray  heights)  when  the  object  is  at  infinity,  al«o,  if  the 
exit  pupil  is  at  the  last  surface  of  the  system,  <  ,r  =  0. 


Fig.  9-11.  Upper  and  lower  nrr.  rajo  of  coir.aiic  system  intersecting  the 
image  plane  belo  w  principal  ray  (a);  coma  patch  (6). 
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9.4.2  3.  Astigmatism  and  Field  Curvature.  Astigmatism  in  an  off-axis  image  of 
a  point  is  the  difference  in  fcvus  k.twe~-  Uie  fan  of  rays  in  the  plane  of  the  axis  and 
the  object  point  (the  meridional  or  tai.„  ntial  fun)  and  the  fan  of  rays  perpendicular 
to  this  plane  (the  sagittal  or  akew  fan).  In  Fig.  9-12(o),  rays  in  the  plane  AA'-E'E 
of  the  aperture  constitute  the  tangential  fan,  and  rays  in  the  plane  CC'-G'G  constitute 
the  sagittal  fan.  Astigmatism  is  undercorrected  when  the  tangential  fan  is  brought 
to  a  focus  before  the  sagittal  fan.  The  appearance  of  the  astigmatic  image  is  a  line  at 
either  focus:  at  the  sagittal  focus  the  image  is  a  radial  line,  which,  if  extended,  would 
pass  through  the  axis;  at  the  tangential  focus  the  image  is  a  tangential  line  perpendic¬ 
ular  to  the  radial  line  Between  the  fxd  the  image  is  diamond-shaped 

The  curvature  of  field  is  the  distance  parallel  to  the  axis  from  the  focus  of  an  off-axis 
image  to  the  axial  focal  plane.  The  sfgittal  curvature  of  field  is  given  by 

X  i  =  L  cc  l  ,9-43) 

and  the  tangential  curvature  by 

X.  -  L' as-  l'  (9-44) 

where  X  is  the  departure  from  the  plane  of  the  surface  of  the  focus 

L'  is  the  axial  distance  from  the  last  surface  of  the  system  to  the  axial  projection 
of  the  intersection  of  the  subscript  rays 

1'  is  the  distance  to  the  paraxial  focus 
s,  CG,  t,  and  AE  refer  to  Fig.  9-12. 

An  optical  system  composed  of  a  set  of  elements  of  given  power  and  index  has  a  basic 
field  curvature  called  the  Petzval  curvature.  Although  the  astigmatism  of  a  system 
can  be  changed  by  bending  the  elements,  the  Petzval  curvature  cannot  be  changed  to 
any  great  extent.  For  regions  near  the  axis,  the  tangential  focus  is  always  three  times 
as  far  from  the  Petzval  surface  as  the  sagittal  focus,  satisfying  the  relationship 

X,  -  Xpu  =•■  3<X.  -  X,*,)  (9-45) 

where  Xpu  is  the  curvature  of  the  Petzval  surface. 

9.4.2 .4.  Distortion.  Distortion  is  the  departure  of  the  image  height  from  that 
predicted  by  first-order  gaussian  optics.  The  image  of  a  rectangular  figure  takes  on 
the  shape  of  a  pillow  or  pincushion  with  concave  sides  in  tho  presence  of  distortion  that 
causes  an  enlargement  of  the  image.  Distortion  of  the  opposite  sign  produces  an  image 
with  convex  sides,  like  a  uarrel.  Distortion  is  given  by 

distortion  —  H'?r  —  h'  (9-46) 

where  H'Pr  is  the  intersection  of  the  principal  ray  with  the  paraxial  image  plane 
h'  is  the  paraxial  image  height. 

9. 4. 2. 5.  Axial  (Longitudinal)  Chromatic  Aberration.  The  images  formed  by  an 
optical  system  may  have  different  sizes  and  positions  for  different  wavelengths.  Be¬ 
cause  the  index  of  retraction  of  optical  materials  varies  with  wavelength,  longitudinal 
chromatic  aberration  is  the  difference  in  focal  pcsitim  between  images  formed  by 
two  different  wavelengths,  and  is  given  by 

LchA  =  1‘ „  -  VT  (9-47) 

where  is  the  final  image  distance  for  the  ahorte/  wavelength 
It  the  ;msge  distance  for  the  longer  wavelength. 
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9. 4. 2. 6.  Off  Axis  ( Transverse '  Chromatic  Aberration.  Otf-axis  aberration  results 
in  a  difference  in  image  size  due  to  wavelength  variation  and  is  given  hv 

TchA  =  H,-H\  (9-48) 

where//',  =  paraxial  irm.ge  plane  intersection  of  principal  rays  of  short  wavelengths 
H'r=  paraxial  image  plane  intersection  of  principal  rays  of  long  wavelengths 

Transverse  chromatic,  or  lateral  color  can  be  considered  as  a  chromatic  difference 
of  magnification  'C.D.M.)  and  expressed  as: 

C.D.M.  -  (//',.  —  H’r)l  h'  (9-49) 

9.4.3.  Correction  of  Aberrations.  In  practical  optical  systems,  aberrations  are 
usually  corrected  by  balancing  the  undercoi  rection  of  one  element  against  the  overcor¬ 
rection  of  another.  Because  an  optical  system  should  have  a  given  power  of  focal  length, 
it  is  necessary  to  combine  elements  whose  Syd>  (see  Sec.  9.2.3. 1)  equals  the  desired 
power,  but  whose  summed  aberrations  equal  zero.  In  chromatic  aberration  in  a 
doublet,  a  positive  element  with  a  certain  chromatic  aberration  contribution  pe«  unit 
of  power  is  combined  with  a  negative  element  with  a  relatively  higher  chromatic  con¬ 
tribution  per  unit  of  power,  so  chat  the  chromatic  contributions  are  equal  and  opposite 
and  cancel  while  leaving  a  residue  of  power. 

Chromatic  aberrations  are  corrected  by  proper  choice  of  materials,  element  powers, 
and  spacings.  The  Petzval  curvature  is  corrected  l  choice  of  material  and  element 
powers.  The  preceding  aberrations  are  ordinarily  corrected  in  the  designer’s  initial 
layout  of  the  powers  and  spacings  of  the  optical  elements  to  be  used  in  the  system,  at 
the  same  time  that  the  system  power  and  working  distance  are  arranged.  Spherical 
aberration,  coma,  astigmatism,  and  distortion  can  be  controlled  by  proper  shaping  or 
bending  of  the  elements  of  the  system.,  /‘spheric  surfaces  (that  is,  surfaces  of  revolution 
which  are  not  spheres)  may  also  be  laed  to  correct  the  monochromatic  aberrations. 

9.4.4.  Variations  of  Aberrations  with  Aperture  and  Image  Size.  The  i-mount  of 
a  primary  aberration  in  the  image  is  a  function  of  the  semiaperture  ( y)  of  the  system 
and  the  height  (h  )  of  the  image.  Table  9-1,  based  on  third-order  aberrations,  is  useful 
in  estimating  the  effect  of  a  change  in  aperture  or  field  coverage  (image  size'  on  the 
performance  of  a  system. 


Table  9  1.  Variation  of  Aberrations  with  Size  of  Aperture,  Field  Angle, 
and  Image  Size,  for  System  with  Pure  Third-Order  Aberrations 


Aberration 

Longi  udinal  spherical  aberration 
Trans\  erse  spherical  aberration 
Coma 

Astigmatism 

Length  of  astigmatic  focal  lines 
Petzval  curvature 
Distortion 

Pereentage  distortion 
Longitud’nal  axial  chromatic  aberration 
Transverse  axial  chromatic  aberration 
Lateral  chromatic 

Chromatic  difference  of  magnification  (C.D.M.) 


Size  of  Field  Image 

Aperture  Angle  Size 

(y)  ■>)  (A) 

y* 

v3 

y*  u  h 

-  ul  h- 

y  v1  h* 

u1  k* 

o’  h3 

u *  h* 
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9.4.5.  Zonal  and  Residual  Aberrations,  When  an  aberration  is  fully  corrected 
for  a  certain  region  of  the  aperture  or  portion  of  the  field,  there  usually  remain  aberra¬ 
tions  for  rays  passing  through  other  parts  of  the  aperture  or  for  smaller  or  larger 
field  angles. 

9.4.6.  Chromatic  Variation  of  Aberrations.  Because  the  index  of  optical  materials 
changes  with  wavelength,  the  monochromatic  aberrations  (spherical,  coma,  astigma¬ 
tism,  Petzval  curvature,  and  distortion)  will  also  vary  with  the  wavelength  of  radiation 
passing  through  an  optical  system.  Chromatic  variation  of  spherical  abirration 
(spherochromatism)  is  most  common.  Ordinary  spherochromatism  causes  the  spherical 
aberration  in  the  shorter  wavelength  to  be  more  ovorcorrected  than  that  of  the  longer 
wavelengths. 

9.4.7.  Graphical  Representation  of  Aberrations.  Spherical  and  chromatic 
aberration  can  be  presented  as  longitudinal  or  transverse  aberrations,  the  former 
being  plotted  against  the  entering  ray  height  (or  single)  and  the  latter  against  the 
slope  angle  of  the  emergent  ray.  The  spherical  aberration  of  a  single  element  with 
both  types  of  graphical  presentation  is  shown  in  Fig.  9-13. 


Plot  ol  longitudinal 
Aberration  (LA1,1  vs. 


Fig.  9-13.  Undercorrected  spherical  aberration.  The  longitudinal  spherical  aberration  is 
plotted  against  the  entering  ray  height  Y.  The  transverse  spherical  is  plotted  against 
the  tangent  c*  U\  the  final  angle  the  light  ray  makes  with  the  axis. 


The  plot  of  H'  vs.  tan  U'  is  called  a  rim  ray  curve  and  is  useful  because  it  indicates 
directly  the  size  of  the  blur  in  the  image  caused  by  the  aberration;  and  the  effect  of 
refocusing  (or  shifting  the  reference  plane)  can  be  readily  determined  by  rotating  the 
X  or  tan  U'  axis 

Curvature  ti  field  is  ordinarily  represented  by  plotting  the  longitudinal  difference 
of  focus  between  axial  and  oblique  rays  against  either  the  image  height  or  the  field 
angle,  as  shown  in  Fig.  9-14. 

The  rim  ray  curve  can  aiso  be  u<ted  to  represent  the  aberrations  of  oblique  fans  of 
meridional  rays,  as  shown  in  Fig.  9-15.  The  shape  of  the  .  wn  lay  curve  is  indicative 
of  the  aberration  present,  as  shown  in  Fig.  9-l6  for  common  aberrations. 

Meridional  aberrations  can  be  expressed  in  terms  of  X  and  Y.  Skew  or  sagittal 
farm  have  aberrations  in  the  Z  direction  also,  and  the  representation  of  the  aberrations 
of  skew  rays  is  more  complex.  Two  methods  are  common.  One  is  to  plot  the  Y-Z 
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Sagittal 


Pc !  7  va  1  Surface 


Fig.  914  Relationships  between  sagittal  and  tangertial  focal  suit  ices 
and  Petzval  surface  for  lens  with  undercorrected  astigmatism. 


Fig.  9-15.  Construction  of  off-axis  rim  ray  curve  to  represent  aberrations 
of  oblique  fans  of  meridional  rzyz. 


/ 

(b) 


Fig.  9-16.  Appearance  of  rim  ray  curve  in  presence  of 
typical  aberrations:  (a)  apherical  aberration,  third-order 
undercorrected,  :b)  spherical  aberration,  third-orcLr  over¬ 
corrected,  (c)  zonal  t,phericai  aberration,  id )  third-order  coma, 
e)  defocusing  or  field  curvature,  if'  nm  rav  curve  for  a 
typical  oblique  fan  showing  coma,  field  curv  ature,  and  oblique 
spherical. 
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coo-uinatea  of  he  ruy  intersections  with  the  image  plane,  connecting  the  points  made 
hy  rays  which  lie  along  a  radial  line  in  the  aperture.  If  a  large  number  of  points  is 
plotted,  the  density  of  points  i3  representative  of  the  flux  density  in  the  image,  and 
the  flux  density  in  the  image  and  the  spot  diagram  become  a  "picture”  of  the  image 
(provided  that  diffraction  can  be  neglected).  In  another  method,  the  Y  and  2  departures 
are  plotted  separately  against  the  radial  distance  from  ray  to  the  center  of  the  aperture. 
Tne  rim  ray  curve  described  above  is  this  type  of  "clock  plot"  for  the  meridional  fan. 
A  clock  plot  is  uceful  in  aberration  analysis  and  in  interpolating  for  spot  diagrams 

9.5.  Ray  Tracing 

Ray  tracing  is  used  to  calculate  the  path  of  a  ray  of  light  through  an  optical  system. 
It  is  ordinarily  done  either  to  evaluate  i  n  optical  system  or  as  a  step  in  the  proce33  of 
optical  design. 

Ray  tracing  is  based  on  Snell’s  law  (Eq.  9-1)  and  can  be  done  by  using  geometry  to 
calculate  the  ray  paths  between  surfaces  and  applying  Snell’s  law  at  each  surface. 
Specific  equations  for  this  purpose  are  given  in  Sec.  9.5.3.  A  crude  form  of  ray  tracing 
may  be  carried  out  with  drawing  tools;  for  the  technique  see  Sec.  9.5.5. 

9.5.1.  R*y-Trmcing  Precision.  Depending  upon  the  scale  of  the  calculation,  the 
precision  required  of  dimensional  numbers  is  to  four,  five,  or  six  decimal  places.  Angles 
and  trigonometrical  functions  should,  have  six-figure  accuracy.  Trigonometric  tables 
given  i  o  terms  of  radians  are  preferred  for  ray  tracing  with  a  de3k  calculator.  Most 
trigonometric  ray-tracing  results  art  referred  to  the  paraxial  focus  or  focal  plane, 
"he  paraxial  ray  trace  is  earned  out  with  equations  derived  from  the  trigonometric 
ray-tracing  equations  by  setting  the  sine  and  tangent  equal  to  the  angle,  and  cosines 
e^uai  to  unity. 

9.5.2.  Determination  of  Specific  Aberrations.  The  following  subsections  outline 
the  methods  of  obtaining  numerical  values  for  the  basic  aberrations. 

9.5.2.1.  Spherical  Aberration.  A  paraxial  ray  and  a  marginal  ray  (a  trigonometric 
ray  through  the  rim  of  the  entrance  pupil)  are  traced  starting  at  the  axial  point  of  the 
object  The  final  axial  intercepts  of  the  rays  are  to  be  determined.  Longitudinal  spher¬ 
ical  aberration  is  given  by 

LA  =  L'  -  /’  (9-50) 

Transverse  spherical  aberration  is  the  height  at  which  the  ray  strikes  the  paraxial 
image  plane  and  can  be  found  from 

TA'  =  LA'  tan  U'  (9-51) 

Zonal  spherical  aberration  is  found  by  tracing  a  ray  at  a  lesser  height  than  the  marginal 
ray  (usually  at  0.707  of  the  marginal  height)  and  substituting  the  final  zonal-ray  data 
in  Eqs.  (9-50)  and  (9-51)  in  place  of  the  marginal-ray  data. 

9.5.2.2.  Coma.  Tangential  coma  is  evaluated  by  tracing  three  rays  of  a  meridional 
fan  fiom  an  off-axis  object  point  througn  the  system.  Th?  principal  ray  (pr)  passe, 
through  the  center  of  the  entrance  pupil,  and  the  upper  and  lower  rin  rays  (A  and  B) 
are  traced  through  the  upper  and  lower  edges  of  the  mipil.  The  intersection  of  ray  A 
with  ray  B  is  determined,  and  the  distance  from  the  intersection  to  the  axis  ( H'a ») 
is  compared  to  the  height  of  the  intersection  of  the  principal  ray  with  a  plane  through 
the  /  B  intersection  ( //’pr ).  The  axial  distunce  from  the  last  surface  to  the  AJi  inter¬ 
section  car.  be  found  from 


.maasWMIlH# 


and  the  intersection  heights  from 
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H'ab  =  (L'a  -  L \B)  tan  U'a  (9-53) 

H'pr  =  (L'Pr  -  L'  AH)  tan  U'  p,  (9-54) 

Then  tangential  coma  is  given  by 

comar  =  H'ab  -  H'Pr  (9-55) 


The  offense  against  the  sine  condition  (O.S.C.)  can  be  determined  from  the  same  ray 
trace  used  to  find  spherical  aberration: 


O.S.C. 


sin  U i  u'  (/’  -  I'pr) 
u i  sin  U'  ( L '  -  l Pr) 


For  regions  close  to  the  optical  axis, 


coma,  =•  3  coma,  =  37/' O.S.C. 


(S-56) 


(9  cr ) 


9.5.2. 3.  Astigmatism  and  Field  Curvature.  Curvature  of  field  for  small  apertures 
is  found  by  tracing  the  equivalent  of  a  paraxial  ray  near  a  principal  ray  instead  of 
near  the  optical  axis.  The  calculation  is  carried  out  using  Coddington’s  equations 
(see  Sec.  9.5.3). 

The  extended  Petzval  surface  may  be  found  from  the  x,  and  x,  resulting  from  a 
Coddington’s  trace  by 

xl/U  =  l.ox,  -  0.5x,  (9-58) 


9.5.2.4.  Distortion.  Distortion  is  found  by  tracing  a  trigonometric  principal  ray 
and  comparing  the  height  of  its  intersection  with  the  paraxial  focal  plane  to  the  image 
height  predicted  by  gaussien  optics.  The  height  for  the  principal  ray  is  found  from 


H'„ .  =  ( L'pr  —  l)  tan  U'pr 

For  objects  at  infinity  the  gauasian  height  is  given  by 

h'  —  —f  tan  UPr 

and  for  an  object  at  a  finite  distance  by 

h'  =  hnu/n'u' 


Distortion  is  then 


dist  =  H'pr  —  h' 


(9-59) 

(9-60) 

(9-61) 

(9-62) 


Distortion  is  often  specified  as  a  percentage  of  the  image  height. 

9.5.2.S.  Longitudinal  Chromatic  Aberration.  This  aberration  is  found  by  locating 
the  image  position  for  the  different  wavelengths  of  interest  by  using  the  appropriate 
values  for  the  index  of  refraction  in  the  calculation.  The  calculation  may  be  paraxial 
or  trigonometric.  For  paraxial  rays 

LchA  =■  i't  -  i r  (9-63) 

where  v  and  r  refer  to  the  short  and  long  wavelengths,  respectively.  If  marginal 
rays  are  traced  in  various  wavelengths,  it  J  useful  to  make  a  plot  of  L  vs.  Y,  or  H' 
vs.  tan  U'  (see  Soc.  9.4.7)  for  all  waveleng  .is  or.  the  same  graph,  because  this  will 
also  indicate  the  spherochromatism. 
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9.5. 2. 6.  Laiera!  Color,  or  Transverse  Chromatic  Aberra  .^a.  Lateral  color  is  found 
by  tracing  principal  rays  for  the  long  and  short  wavelengths.  The  lateral  color  is  the 
difference  between  the  paraxial  focal-plane  intersection  heights  of  the  two  principal 
rays  and  is  given  by 


TchA  —  //':•  —  H' ,  (9-64) 

where  H'r  and  H' ,  are  determined  from  Eq.  (9-59). 

9.5.3.  Ray-Tracing  Equations. 

9. 5. 3.1.  For  Desk  Calculators.  Paraxial  ray-tracing  equations  (see  Fig.  9-17): 
Opening: 

n,u,  =  n,y,ll ,  (9-65i 

Iterative. 

n',u',  =  UiU,  +  yAn’i  -  n,)/r,  (9-66) 

y^t  =  y,  —  t' .n'  ,u' iln\  (9-67) 

Closing. 

I't  =  yin'iln’iu'i  (9-68) 

If  Ui  =  0,  then 

e.f.l .  -  y,n\ln\-u' ii  (9-69) 

b.  f.l.  =  ykn'kln \u\  (9-70) 


For  speed,  the  quantity  nu  is  carried  as  an  entity.  If  the  values  of  the  angles  of  in¬ 
cidence  and  refraction  are  required  for  third-order  aberration  calculations,  they  can 
be  found  from 

'  =  y'.-  u  0-71) 

T  =  min'  (9-72) 

Meridional  ray-tracing  equations  for  finite  ;-adii  (see  Fig.  9-18): 

Opening:  — 

CA  =  IL  -  R)  sin  u  (9-73) 


or  if  U  —  0,  CA  =  y. 
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Normal  to 
Surface 


Fig.  Quantities  used  in  meridional  ray-trace  equations  for  spherical  surfaces. 


Iterative: 

sin  I,  =  CAiiri 

. .  i 

sin  /  i  =  — r  din  / 1 
n  i 

U'i  =  u,  +  Ii  -  /'. 

l/<+.  =  t/'i 

,,,  .  rijCAj 

CAiti  =  (r,  -  rit  i  -  f  ,1  sint/rr  — “7“ 

n  » 

Closing: 

_  riiCAi 

n'f  sin  C/'j 

Miscellaneous: 

Coordinates  of  ray  intersection  with  surface: 

Y  —  r  sin  (Lr  i-  / ) 

X  —  2r  sin5  y  (U  +  I) 

Distance  between  surfaces  along  ray: 

Dime.  =  <*'i  + *i.i  “*‘)sec  U'< 

Di  to  i-  1 


(9-74) 

(9-75) 

(9-76) 

(S-77) 

(9-78) 

(9-79) 

(9-80) 

(9-81) 


or 


=  r,  cos  I',  -  r,.,  cos  -  (r,  -  r(4l  -  t\)  cos  V\ 


(9-82) 
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Plane 


Fio.  9-19.  Quantities  used  in  meridional  ray-trace  equations 
for  plane  surfaces. 


Meridional  ray-tracing  equations  for  plane  surfaces  (see  Fig.  9-19): 


Opening: 

OP,  =  Li  sin  U\ 

(9-83) 

if  Ui  =  0, 

O 

il 

Transfer  from  preceding  radius. 

Gp,  =  +  (r<_,  -  *',.,)  sin  U't-i 

n  i-i 

(9-84) 

U,  =  U'l.l 

(9-86) 

Iterative: 

sin  U'i  =  — ~  sin  U i 
n  , 

(9-86) 

OP'  i  =  —  U'1  OPt 

COG  Ui 

(9-87) 

OPi+i  =  OP' i  -  t'i  sin  U'i 

(9-88) 

CA i+1  =  OP'i  +  (— r ,♦  i  —  t'i)  sin  U'i 

(9-89) 

Closing: 

L'i  =  OPVsin  U'i 

(9-90) 

Miscellaneous: 

Yi  =  OPil cos  U, 

(9-91) 

D  i  to 

i+i  =  n  cos  l'i  -  OPi  +  i  tan  U'i  —  (n  —  t'i)  cos  U'i 

(9-92) 

Di  u> 

ui  =  ~  (-r(  +  i  -  ft)  cos  U'i  +  OP\  tan  U'i  -  r(+i  cos  It  +  i 

(9-93) 

Coddington’s  equations  (for  tracing  close  sagittal  and  tangential  rays  about  a 
principal  ray  for  determination  of  astigmatism  and  field  curvature)  (see  Fig.  9-20): 
A  principal  ray  is  traced  using  Eqs.  (9-78)  through  (9-93)  (as  applicable). 
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Fig.  9-20.  Qua;  iitioc  used  in  Codding  ton’s  equations. 


The  "oblique  power,”  <f>,  of  each  surface  is  calculated  from 
<t>  —  ( N '  cos  I'p  —  N  cos  lp)lr 
The  sagittal  rays  are  traced  by  repeated  application  of 


and 


S<  + 1  —  J\  —  Di  te  4 


I 


(9-94) 

(9-95) 

(9-96) 

(9-97) 

(9-98) 


where  a  and  t  are  the  distances  along  the  principal  ray  from  surface  to  focus. 

Under  the  usual  sign  convention  the  ray  trace  is  started  with  s,  —  f,  equal  to 
a  negative  value  if  the  object  is  to  the  left  of  the  first  surface. 
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For  an  object  at  infinity,  si  =  t\  =  infinity. 

For  a  finite  object  distance  s,  =  t,  —  (L,  —  X,,,,)  sec  Jp , , ,  where  X,,r  is  found 
from  Eq.  (9-80). 

The  quantity  D  is  the  distance  along  the  ray  from  surface  to  surface  and  is  fou'd 
by  Eqs.  (9-82),  (9-92),  or  (9-93). 

Closing:  The  final  curvature  of  field  is  found  fiom 


X',  =  s' a  cos  U'Pk  4-  XPk  -  (9-99) 

X1,  =  t\  cos  U'Pk  4-  XPlc  -  l\-  (9-100) 


9.5.S.2.  For  Electronic  Computers.  The  paraxial  equations  in  Sec.  9.5.3. 1  are 
suitable  for  electronic  computers. 

Meridional  ray-tracing  equations  (see  Fig.  9-21): 


Opening:  Q  is  the  perpendicular  to  the  ray  from  the  vertex  (axial  intersection)  of  the 

surface;  thus  ^  ,  , , 

Q..  =  L,  sin  V,  (9-101) 


Iterative:  c  is  the  reciprocal  of  the  radius  of  curvature, 
sin  I  -  Qc  —  sin  U 
cos  I  —  VI  -  sin*  I 
sin  ( U+I)  =  cos  U  cos  I  4-  sin  U  sin  I 
cos  (U+I)  —  cos  U  cos  /  —  sin  U  sin  I 
sin  /'  =  ( nln ')  sin  I 
cos  /'  =  Vl  —  sin2  /' 

sin  U'  =  sin  (U+I)  cos  /'  -  cos  ( U+I)  sin  /’ 
cos  U'  =  cos  (U+I)  cos  /'  4-  cos  (U+I)  sin  /' 

O'  -  Q  (cos  U'  4-  COS  I') 

(cos  U  4-  cos  I) 

Q'.t  =  Q'i  -  t'i  sin  U', 


(9-102) 

(9-103) 

(9-104) 

(9-105) 

(9-106) 

(9-107) 

(9-108) 

(9-109) 

(9-110) 

(9-111) 


Fig.  9-21.  Quantities  used  in  computing  formulas  for  electroni;'  computer*. 
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The  intersection  height  of  the  ray  with  the  surface  may  be  found  from 

v  _  [1+  cos  (1/47)1 


Y  -  Q' 


(cos  U'  4-  cos 


Closing: 


L\  =  Q'l/sin  U'i 


(9-112) 


(9-113) 


To  find  the  height  the  ray  strikes  a  plane  a  distance  /'  from  the  surface  i,use 


H'  =  (Q't  —  sin  U'i)! cos  (/', 


(9-114) 


Coddington’s  equations  (dose  skew  and  close  meridional  rays):  For  electronic 
computers  Coddington’s  equations  have  been  rewritten  in  a  form  which  does  not 
cont  ain  the  quantities  s  or  t  directly.  A  principal  meridional  ray  is  traced  by  the 
equations  of  Sec.  9.5.3. 2.  concurrently  with  the  Coddington  trace;  the  ordinary  ray¬ 
tracing  quantities  used  in  the  following  refer  to  data  of  this  principal  ray. 

Opening: 

P,  =  n>y*  (9-115) 


P,  -  n,y,  cos*  /,  (j-j 


(9-116) 


where  y  is  an  arbitrarily  chosen  ray  height  from  the  principal  ray,  analogous  to 
the  y  of  the  paraxial  ray  trace,  and  Si  and  t,  are  the  distances  from  the  object  to 
the  first  surface  along  the  principal  ray,  and  P,  and  P,  are  the  tangential  and  sagittal 
representations  for  the  principal  ray. 


Iterative: 


<f>i  =  Ci(n'i  cos  I't  —  n,  cos  U) 

P'ti  —  P'  «<-i)  +  y.i<t>i 
P'tf  =  P' Mi-ii  +  yn<i>i 

_  Qi  sin  ( U ,  -f  h) 

(COS  Ui  +  cos  /<) 


Di  to  i  f  i  — 


t  i  to  i  +  1  4  Xi-1  X  j 
COS  U'i 


y#(i+  it  —  y ti  P  * i  Dj  to  i  •  i Ini 


>'((i+n  — 


''os 2  I't  ( y,t  —  P'tiD ,  to  i-i) 
cos* /((♦!)  n'i  cos*  /', 


Closing¬ 


s'*  =  n  'hy.kIP' «* 

t'k  =  n  '*>,*  cos*  I’klP'n 


(9-117) 

(9-118) 


(9-119) 


(9-120) 


(9-121) 


(9-122) 


(9-123) 


(9-124) 

(9-125) 


The  curvature  of  field  from  a  surface  a  distance  /'  from  the  final  surface  may  be 
found  from 

X'„  =  s’*  cos  U\  4-  Xk  ~ /'  (9-126) 


x  t'k  cos  U'k  +  Xk-i 


j- 127) 
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Fic  9-2i'.  Direction  coeint,’  and  surfaces  intercept  coordinates  (o> 
and  subacript  convention  (6)  used  in  skew  ray-trace  formulas. 


Skew  ray  trace  through  a  spherical  surface  (Fig.  9-22a):  The  general  ray  is  refined 
by  its  airection  coei  \es  X.Y,Z  and  th-.:.  coordinates  of  its  intersection  with  the  su-far ; 
x,  y,  z.  The  calculation  is  usually  started  with  a  dummy  su  face  (c  —  0  and  n=  n') 
placed  at  the  entrance  pupil  for  convenience;  thus  the  opening  data  are  the  ray 
vectors  X,  Y,  Z  and  the  ray  coordinates  in  this  surface.  The  calculation  is  closed 
by  calculating  the  ray  coordinates  x,  y,  z  in  a  final  reference  surface  which  is  usually 
the  final  image  plane  (or  surface).  L  is  the  distance  along  the  ray  from  surface  i 
to  surface  (i  +  1). 

The  following  equations  are  applied  surface  by  surface: 


e=tX-  xX~  yY  -  zZ 

(9-128) 

Mx  =-  x  +  eX  —  t 

(9-129) 

Mt*  =  x*  +  y*  +  z*  —  e*  +  t*  —  2  tx 

(9-130) 

E,  =  Vx*  -  c,(c,Af,*  -  2Mt) 

(9-131) 

L  =  e  +  -  2M,)HX  +  E,) 

(9-132) 

xi  =  x  +  LX  —  t 

(9-133) 
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y.  =  y  +  LY  (9-134) 

z  i  —  z-Y  LZ  (9-135) 

Mi  =  'In,  (9-136) 

E'x  =  Vl  -M.s  (1  -£i7)  (9-137) 

g,  =  E' ,  —  fi,E ,  (9-138) 

X, =mi  X-gxCxXx+gx  (9-139) 

Y,  -  m  i  Y  -  g,c,yi  (9-140) 

Z,  =  ,l,Z  -  giCiZx  (9-141) 

The  ray  "height”  at  the  surface  may  be  found  from 

Si  ~  Vyi*  +  zi*  (9-142) 


Unsubscripted  quantities  refer  to  surface  i  and  those  with  the  subscript  1  refer  to 
surface  (i  +  1).  The  axial  spacing  '  is  from  i  to  (i  +  1).  n  is  ni, :  and  n,  is  n’(, E , 
and  E',  are  the  cosines  of  the  angles  of  incidence  and  refraction.  See  Fig.  9-22(b). 

Skew  ray  trace  through  an  aspheric  ru.fact  As  above,  the  general  ray  is  defined 
by  its  direction  cosines  X,  Y,  Z  and  its  intersection  coordinates  x,  y,  z.  The  difficulty 
in  tracing  through  an  aspheric  lies  in  determining  the  intersection  of  the  ray  and 
the  aspheric  surface.  This  is  accomplished  by  successive  approximations,  the  ap¬ 
proximation  process  continuing  until  the  residual  error  is  negligible. 

The  aspheric  surface  is  represented  by  the  expression 

x  =  f\y,z)  = - Cn - -f  A4s*  +  A4s4  +  .  .  .  (9-143) 

1  +  V 1  -  c*s* 

where  c  =  II R,  s*  =  y*  +  z*.  The  first  term  ,s  the  equation  for  a  sphei  cal  surface, 
and  At,  Ax.  A «,  and  so  on,  are  the  aspheric  deformation  constants  of  the  surface. 

The  first  step  is  to  compute  Xo,  yo,  and  zn,  the  intersection  coordinates  of  the 
ray  with  the  sphere  (of  curvature  c)  which  approximates  the  aspheric.  This  can 
be  done  through  use  of  Eqs.  (9-128)  through  (9-135).  Then  one  calculates 


x0  =  f(yo,zo)  (9-144) 

by  substituting  s02  =  yo*  +  Zo*  into  Eq.  (9-143).  Then  one  computes 

=  (1  -  c*s0*)‘'*  (9-145) 

m0  =  — y0  (c  +  l0  (2 At  +  4A«S0*  +  .  .  .)J  (9-146) 

n0=  -  z0[c  +  U  (2 At  +  4A«S0*  -r  .  .  .))  (9-147) 

Go  =  U  (x0  —  xo)KXU  +  Ym#  -f-  Zn„)  (9-148) 

x  i  =  GoX  4-  Xo  (S  149) 

y(  =  GoY  -t-  yo  (9-150) 

z,  =  GoZ  +  zo  (9-151) 
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The  computations  of  Eqs.  (9-144)  through  (9-151)  are  repeated,  with  subscripts 
increased  by  one  each  time  un'.il 


r*  =  xk  (9-152) 

to  within  the  accuracy  required. 

The  refraction  at  the  surface  is  calculated  by 

Ol  -  lk*  +  m**  +  nk*  (9-15?.) 

E  i  =  Xlk  +  Ymk  +  Znk  (9-154) 

E'i  *  [Ol(l  -  Mi* 1  +  Mi*£i2],,:  (9-155) 

g,  =  (£',-  m.^i)/05  (9-156) 

X,  =  Mi*+£i/  (9-157) 

Y ,  =  fitY  +  gtmk  (9-158) 

Z,  =  m.Z  +  (9-159) 


Then  the  direction  cosire.t  A’i,  Z  i  and  the  intersection  coordinates  xk,  yk,  zk 

define  the  refracted  ray. 

9.5.4.  Graphical  Ray  Traci;:g.  This  technique  applies  Snell’s  law  (n  sin  1=  n '  sin  l ') 
at  each  surface  of  the  system.  It  mav  be  carried  out  by  drawing  a  ray  to  its  intersection 
with  the  surface,  'instructing  the  normal  to  the  surface,  measuring  the  angle  /  with 
a  protractor,  and  then  calculating  the  angle  /' . 

A  purely  tp-iphic  technique  is  shown  in  Fig.  9-23.  The  iay  is-drawn  to  the  surface 
and  the  no  anal  to  the  surface  is  erected  at  the  point  of  intersection.  Two  circles  are 
drawn  abc”t  the  point  of  intersection  with  radii  proportional  to  the  indices  on  either 
side  of  the  surface.  From  the  intersection  of  the  ray  with  circle  n  at  A ,  a  line  is  drawn 
parallel  to  the  normal  to  intersect  circle  n  '  at  B ;  then  the  refracted  ray  is  drawn  through 
B  and  the  ra;  -surface  intersection. 


Fig.  9-23.  Graphical  ray  tracing.  Starting  with  the  construe 
tion  of  circles  (with  radii  proportional  to  the  indices  on  either 
side  of  the  surface)  about  the  point  of  intersection  of  the  rav  and 
surface  and  the  development  of  the  refracted  ray. 


TKir'D-ORDER  ABERRATIONS 


399 


9.6.  Third-Order  Aberrations 

Figure  9-24  illustrates  typical  thin.,  ^rae:  aberrations. 

9.6.1.  Third-  and  Higher-Order  Aberrations- Surface  Contributions.  The  con¬ 
tribution  of  a  given  surface  to  the  third-order  aberration  of  the  final  image  can  be  calcu¬ 
lated  by  the  equations  in  the  following  sections.  The  final  third-order  aberration  is  the 
summation  of  the  contributions  of  all  the  surfaces.  Two  paraxial  rays  are  traced 
through  the  system;  one  is  the  ray  from  the  axial  object  point  passing  through  the  edge 
of  the  entrance  pupil,  a  paraxial  marginal  ray,  and  the  other  is  the  ray  through  the 
center  of  the  entrance  pupil  from  an  object  point  at  the  edge  of  the  field,  a  paraxial 
principal  ray.  In  the  equations,  quantities  with  the  suoscript  pr  denote  the  data  of 
the  paraxicl  principal  ray;  quantities  without  subscript  refer  to  the  data  of  the  paraxial 
marginal  ray. 
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The  equations  are  evaluated  for  each  surface,  from  the  ray-trace  data  of  that  surface. 
The  contributions  are  then  summed  to  obtain  the  total  third-order  aberration  of  the 
system. 

9.6.1. 1.  Equations  for  Desk  Calculator. 

Spherical  contribution: 

SC'  =  yni(> '  —  i)  d'  -  u)/2n'ku\*  (9-160) 

SC'  «  yu'n'(u *  -  u'*)/2n'*uV  (for  a  plane)  (9-161) 

Coma  (sagittal)  contribution: 

CC.  SC'Ru't 

Astigmatism  (sagittal)  contribution: 

AC,  ■=  SC'R 1 

=  ynuipHn'  —  n)l  n'2n'  ku'  k* 

(for  use  when  object  is  rear  the  center  of  curvatur  ■>). 

Petzval  contribution: 

PC  =  in  -  n’)hk*n\!2nn'r 

Distortion  ccnrribution: 

DC  =  (AC”  +  PC')Ru'k 
Lon^,  .adinal  chromatic  contribution: 

UW-yni 

Lateral  color  contribution: 

TchC'  =  (LchC')Ru' k 
The  symbols  above  are  defined  as  follows: 

R  =  ip/i 

=  iiplu  (for  a  plane) 

SC’  is  the  longitudinal  third-order  spherical  aberration  contribution. 

CC'  is  the  sagittal  third-order  coma  contribution  and  is  equal  to  one-third  of  the 
tangential  coma  contribution. 

PC'  is  the  contribution  to  the  third-order  Petzval  curvature  and  Xpu  =  2 PC'. 

LchC'  is  the  axial  longitudinal  chromatic  aberration  and  2Lchc'  is  equal  to  l'v~  f- 
TchC  is  the  transverse  off-axis  chromatic  contribution  and  StchC'  =  h'e  —  h',. 

AC'  is  the  longitudinal  sagittal  astigmatism. 

The  third-order  field  curvatures  may  be  Sv->d  from 

x,  -  2 PC  +  2  AC 


(9-162) 

()’-'63) 

!  »UC- 

(9-165) 

(6-166) 

(9-167) 

(9-168) 

(9-169) 


x,  =  2  PC'  +  32AC 


(9-170) 
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r  is  the  radius  of  curvature,  y  is  the  ray  height  at  the  surface,  n  is  the  index  of  refrac¬ 
tion,  i  is  the  angle  of  incidence,  and  u  is  the  ray-slope  angle;  these  are  obtained  from 
the  ray-trace  data.  Rays  may  be  traced  by  Eqs.  (9-174)  through  (9-181).  The  data 
of  the  final  image  are  primed  and  subscripted  with  k.  Thus  A'*,  u\,  and  n't  refer  to 
the  final  image  height  (i.e. ,  the  height  at  which  the  paraxial  principal  ray  strikes  the 
final  inage  plane),  the  final  ray-slope  angle  at  the  image,  and  the  index  of  the  image 
space,  respectively. 

The  dispersion  of  the  medium  is  represented  by  An  —  nr  —  nr,  where  the  subscripts 
refer  to  the  sho.t  (v)  and  long  (r)  wavelengths  of  light.  For  visual  work,  F  and  C  light 
(0.486  fi  and  0.656  p,  respectively)  are  customarily  used  for  these  wavelengths. 

9.6.I.2.  Equations  for  Electronic  Computers  or  Desk  Calculators. 


c  =  1/r  (9-171) 

N  =  nin'  (9-172) 

u'  *  cy(l  N)  +  Nu  (9-173) 

yr+i  =  yr  “  t',u',  (9-174) 

i  =  cy  —  u  (9-175) 

h't  =  nduiyPl  -  y,Upt)ln'ku't  (9-176) 

I  =  n(uyp  -  upy)  -  invariant  (9-177) 

Z  —  (N—  l)c/n  (9-178) 

B  =  ny(u'  -  i)(l  -  AO/2/  (9-179) 

Bp  =  nyP(u'P  -  i,)(l  -  AO/2 /  (9-180) 

TSC  —  Bi*h'k  (9-181) 

SC  =  TSC/u't  (9-182) 

CC  =  Biiph\  (9-183) 

TAC  =  Bijk't  (9-184) 

AC  =  TACIu'k  (9-185) 

TPC  =  ZIh't!2  (9-186) 

PC  =  TPCIut  (9-187) 

DC  ■»  h‘k[Bpiip  +  (u'p‘  ~  “p*)/2]  (9-188) 

TLC  =*  yi(bn  —  N  bn')lu't  (9-189) 

LchC  =  TLCIu't  (9-190) 

TchC  ~  yip(bn  -  Nbn')u'k  (9-191) 


The  symbols  above  have  the  sane  meanings  as  in  Sec.  9.6. 1.1.  The  contributions 
TSC,  TAC,  TPC,  and  TLC  are  the  transverse  aberrations  for  spherical  aberration, 
astigmatism,  Petzval  curvature,  and  longitudinal  chromatic  aberrations  (which  are 
customarily  expressed  as  longitudinal  aberrations).  The  tianjvcrse  aberration  is 
simply  the  longitudinal  aberration  times  the  final  ray  slope  angle,  u\. 
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Contributions  from  an  aspheric  surface:  The  aspheric  surface  is  defined  by 


X  -  (1/2K.S*  +  [(1/P)cr3  +  K]s<  +  .  .  . 

(9-1U2) 

in  which  the  terms  in  s*  and  higher  may  be  neglected,  c,  in  this  expression  is  not  the 
same  c  as  that  used  in  Eq.  (9-143)  on  aspheric  ray  tracing.  For  aspherics  in  the  form 
of  Eq.  (9-143),  an  "equivalent”  ce  and  the  equivalent  fourth-order  deformation  constant 
K  can  be  computed  from 

c,  =  c  +  2At 

(9-193) 

K  —  Ak  —  A  2^44  2 3  +  GAiC  +  3c*>/4 

(9-194) 

The  contributi  ms  are  determined  for  the  "equivalent”  spherical  surface  by  Eqs.  (9-171) 
through  (S-191).  Then  the  additional  contrifcurions  due  to  the  "equivalent”  fourth 
order  deformation  constant  K  are  computed  by  the  following  equations  and  added  to 
those  of  the  "equi\  rie.it”  spherical  surface  to  obtain  the  total  third-order  aberration 
contribution  of  the  e  spheric. 

W  =  4(n-  n')KU 

(9-195) 

TSCa  =  Wy*h  k 

(9-196) 

CCa  =  Wy*yp'h'k 

(9-197) 

TACa  =  Wy*yp*h'k 

(9-198) 

T  PC  a  -=  0 

(9-199) 

DC  a  =  WyyP3h'k 

(9-200) 

TLCa  =  0 

(9-201) 

Tchj40  =  0 

'  J-202) 

9.6.2.  Third-Order  Aberration  Contributions  of  Thin  Lenses.  If  the  thin-lens 
fiction  is  used  (i.e.,  summing  that  the  thickness  of  an  element  is  zero),  a  useful  set 
of  aberration-contribution  equations  for  a  single  element  may  be  derived  from  the 
preceding  equations.  The  procedure  is  to  trace  a  paraxial  marginal  ray  and  a  paraxial 
principal  ray  through  the  system  using 

u'  —  u  +  yi> 

(9-203) 

yiTi  =  y  i  —  d'lu'i 

(9-204) 

=  yklu'k 

(9-205) 

Then  for  each  element 

v  =  uly  (or  i)’  =  u'!y) 

(9-206) 

Q  =  yPly 

(9-207) 

Then  the  contributions  may  be  determined  from 

SC*  =  SC 

(9-208) 

CC*  =CC  +  SCQu'k 

(9-209) 

AC*  =  AC  +  CC-2Q/u'k  +  SCQ * 

(9-210) 
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PC*  =  PC 

DC -  -  (PC  4-  3AC)Qu'*  4-  CC-3Q*  4-  SCQS«'» 

LciiC*  =  LchC  (9-213) 

TchC*  =  LchCQu'k  (9-214) 

The  starred  terms  ire  the  contributions  from  an  element  which  is  not  at  the  stop;  chat 
is,  one  for  which  yp  ¥■  0.  The  uastarred  terms  are  the  contributions  from  the  element 
when  it  is  located  at  the  stop  (and  yp  =  0)  ;..  d  are  given  b>  the  allowing: 


SC  =  -y4(G,C3  -  GiC*Ct  4-  G3C*u  4-  G'CCA  -  GsCC,i>  4-  G,Cu*)/tV 
[or  SC  =  -y*(GiC3  +  GtCtCl  -  G3CV  4-  G4CC2*  -  GiCCiv'  4-  GtCv'l)lu'kl] 

CC  =  -h'tyHiGsCC,  -  G,Cv  -  GtC*) 

[or  CC  =  k\y*$ G.CCt  -  G7Cv'  4-  G*C*)] 

AC  =  —h'';*4>l2 

PC  =  —k'k'<t>l2n  =  AC/n 

DC  -  0 


(9-215) 

(9-216) 

(9-217) 

(9-213) 

(9-219) 


LchC  =  —yl4>lu'klV 

(9-220) 

TchC  =  0 

(9-221) 

SSC  =  -y*<l>Plu'k*V 

(9-222) 

The  symbols  not  previously  defined  are  G(  through  Gs,  V,  P,  and  SSC.  The  quantity 
V  is  the  Abb6  V  number,  tlr  reciprocal  relative  dispersion  of  the  material  given  by 

V=(/i-l)/An  (9-223) 

The  quantity  P  is  the  partial  dispersion,  given  by 

P  =  (n*  —  «r)/An  (9-224) 


where  n  r,  n .. .  and  nc  are  the  indices  at  the  long,  middle,  and  short  wavelengths,  respec¬ 
tively,  and  tin-  nr  —  nr  as  before.  SSC  is  the  contribution  to  the  secondary  spectru n 
of  the  system.  Secondary  spectrum  is  the  residual  longitudinal  chromatic  aberration 
when  the  foe.  (or  r  and  v  light  are  equal;  that  is 

SSC  =  l'm  -  l'r  =  I'm  -  (9-225) 

The  terms  G,  through  G»  are  functions  of  the  index  of  the  element.  (The  thin- lens 
third-order  equations  art  often  called  '  G  -sums. ') 

G.  =  nl(n  —  l)/2  Gs  =  2(n  4-  1)( n  -  l)fn 


! 


G,  =  (2n  +  l)(n  -  l)/2  G«  =  (3n  4-  2)(n  -  l)/2n 

G3  =  (3n  4-  l)(n  -  l)/2  Gr  =  (2n  4-  l)(n  -  l)/2n 

G4  =  (n  4-  2)(n  -  l)/2n  G.  =  n(n-l)/2 


(9-226) 
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To  apply  the  thin-lens  aberration  expressions,  contribution  equations  (9-208  through 
9-214)  are  evaluated  for  ecci.  e’ement  of  the  system  from  the  data  of  the  thin- tens  r*y 
trac*?.  The  aberration  at  ns  image  ic  then  the  sum  of  the  contributions  of  all  the 
elements. 

For  analytical  work  the  thin-kns  contribution  equations  are  often  set  up  so  that  the 
aberration  contribution  is  expressed  as  a  function  of  a  parameter  whose  value  is  to 
be  determined.  For  example,  in  a  two-element  system,  the  spherical  and  coma  con¬ 
tributions  might  be  e.j  , reused  as  functions  of  the  curvature  of  the  first  surfaces  of 
the  elements  (c,  ana  c*),  giving 


' iSC  ~  SCa  +  SCb  —  c  4-  nc;  +■  d  +  tCs*  +  fca  4  g 
ICC  —  CCa  4-  CCH  =  hc\  4-  _/  4-  kia  4  m 


(9-227) 


if  both  elements  are  assumed  to  be  in  <x>ntact  with  the  stop.  If ,»  zero  vt’ue  for  the 
thin-lens  third-order  contribution  were  desired,  the  simultaneous  solution  of  the  two 
equations  below  would  yield  the  necessary  values  of  c,  and  c3: 


TiSC  —  0  —  ac;*  bci  4-  eca 1  4-  fca  4  (cf  4-  g ) 
2.CC  =  0  =  hci  4-  Kca  4  (y  4  m) 


(9-228) 


9.6.3.  Stop  Shift  Theory.  The  aberration  contribution  of  an  element  depends  upon 
its  position  relative  to  the  stop  or  pupil  of  the  system. 

9.6.3.1.  Spherical  Aberration.  Spherical  aberration  is  not,  affected  by  the  position 
of  the  stop.  It  is  a  function  of  the  effective  size  of  the  aperture,  but  the  pupil  may 
be  piaced  anywhere  in  a  system  without  changing  the  spherical  aberration. 

9.6.3. 2.  Coma.  Coma  is  affected  by  a  change  in  stop  position  if  there  is  spherical 

aberration  in  tne  system.  This  is  indicated  (although  not  proved)  by  Eq.  (9-209). 
The  value  of  ^  is  a  function  of  yp  (the  height  at  which  the  principal  ray  strikes  the 
element),  wlr  :h  in  turn  is  *  function  of  the  stop  position.  If  the  system  has  no  spherical 
aberration,  the  stop  position  r.r«  io  effect  on  coma. 

9  6.3.3.  Field  Curvature.  The  stop  position  has  no  effect  on  the  Petzval  curvature 
of  a  system  but  does  affect  the  astigmatism  and  thus  the  field  curvature,  if  coma  c/ 
spherical  aberration  are  present,  as  indicated  by  Eq.  (9-210).  The  astigmatism  of 
a  thin  element  at  the  3top  is  a  function  of  the  element  power  only  and  cannot  be  changed 
by  bending. 

9. 6. 3. 4.  Distortion.  Distortion  is  affected  by  the  stop  position;  a  thin  element  in 
contact  with  the  stop  has  no  disvortion  contribution. 

9.6.3. 5.  Chromatic  Aberration.  Longitudinal  (axial)  chromatic  is  not  a  function 
of  stop  position,  whereas  lateral  cole.-  is  a  function  '-f  the  stop  position.  A  thin  ele¬ 
ment  at  ‘he  sty}  has  n>  lateral  color  contribute,'. 

?  6.3.6.  Example  l.  Eigure  show’s  a  th>;i  positive  meniscus  e'ement.  The 
portion  of  the  element  u»ied  by  an  obliqut  bu  ,dle  of  rays  is  moved  further  from  the 
optical  aerie  as  the  itoo  is  moved  farther  ft.  «•.#  (he  lens.  The  rim  ray  curve  of  this  lens 
is  sketched  in  Fig  9-26.  The  effect  shif-iim  the  stop  along  the  axis  is  to  select  a 
different  portion  of  the  rim  rpy  cu^ve.  vVith  the  wlop  in  position  A,  the  rim  ray  curve 
indicates  outward  flaring  coma  ind  ir.wtud  curving  tangential  field.  In  position  C 
the  coma  is  inward  flaring  and  th-  field  is  inward  curbing.  Position  B  j  ields  a  system 
which  is  fret  of  coma  and  whim  hv.  &  slightly  backward-curving  tangential  field. 


THIRD-ORDER  ABERRATIONS 


405 


! 


i» 

| 


This  diagram  illustrates  how  spherical  aberra'  >n  and  coma  are  related,  and  also 
illustrates  a  basic  law  of  stop  shift  theory  —  in  the  presence  of  undercorrected  spherical 
aberration  the  position  of  the  stop  which  eliminates  coma  (the  "natur  al”  stop  position) 
also  produces  the  meet  backward-curving  field  possible. 


(Entrance  Pupil) 
Positions 


Fig.  9-25.  Thin  positive  meniscus  element. 


9.6.3.7.  Example  2.  Figure  9-27  shows  p  symmetrical  erector  system  of  die  type 
used  in  terrestrial  telescopes  to  invert  the  image  formed  by  the  objective.  Each  doublet 
is  shaped  to  be  free  of  spherical  aberration;  thus  the  size  of  the  space  between  them, 
which  determines  the  stop  position,  has  no  effect  on  the  coma  of  the  system.  However, 
eu’h  dc.it  let  is  desigmd  to  have  a  sizable  amount  of  ccr  ia.  Thus  as  the  sparing  be¬ 
tween  the  doublets  is  (hanged,  the  astigmatism  of  the  system  is  varied.  The  spacing 
is  usually  chosen  so  that  the  astigmatism  is  either  zero  or  slightly  positive  so  as  to 
"artificially”  flatten  the  field  curvature. 


Diaphragm 


Fio.  9-27  Symmetrical  erector  'yatem  to  invert  ime^e  formed  by  ohiective. 
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9.6.8  8.  The  Symmetrical  Principle.  Example  2  is  successful  because  the  coma 
in  each  element  is  canceled  by  the  coma  in  the  other.  In  an  optical  system  which  is 
completely  symmetrical  about  the  stop,  there  is  no  coma,  distortion,  nor  lateral  color. 

The  provision  of  complete  symmetry  requires  that  the  system  work  at  unit  mag¬ 
nification  to  be  completely  effective.  However,  even  at  infir ;te  conjugates  the  coma, 
distortion,  and  lateral  color  are  usually  reduced  to  negligible  values. 

9.6.4.  Afocal  Systems.  The  expressions  given  above  for  third-order  aberrations 
become  indeterminate  for  afocal  systems,  in  which  u\  is  zero  Only  a  general  outline 
of  the  necessary  modifications  to  the  equations  is  presented.  (See  Sec.  10.1.1  for  a 
detailed  discussion  of  afocal  systems.) 

In  an  afocal  system,  aberrations  are  best  described  in  their  angular  form  (See  Sec. 
9.4.1).  Transverse  aberrations  (T'A)  and  longitudinal  aberrations  (LA)  can  be  con¬ 
verted  to  angular  aberrations  by  use  of  the  following  equation: 

AA  -  TA u'kly,  «  LA u'k*ly,  (S-229) 

The  aberration  contribution  expressions  of  the  preceding  paragraphs  can  be  modified 
in  this  manner  to  an  angular  aberration  rm;  this  will  eliminate  uieir  interdeterminacy 
by  canceling  the  which  is  found  in  one  form  or  another  in  the  denominators  of  each 
of  these  expressions.  The  following  are  longitudinal  aberrations:  SC,  AC,  PC,  LchC, 
SSC.  The  following  are  transverse  aberrations:  TSC,  TAC,  TPC,  TLC,  CC,  DC,  TchC. 

9.7.  Optical  Design  Techniques 

Optical  design  ir  volves  solving  a  number  (say  n)  of  second-  (or  higher)  -order  equa¬ 
tions  in  m  variables,  where  n  represents  the  number  cf  aberrations  or  characteristics 
which  must  be  controlled  and  m  represents  the  number  of  effective  parameters  that 
the  designer  has  available  for  manipulation. 

9.7.1.  General  Considerations.  Primary  requirements  to  be  imposed  on  the  optical 
system,  aperture,  focal  length,  and  field  coverage,  and  specialized  requirements  such 
as  length  of  working  distance  must  be  determined.  The  resolution  or  definition  neces¬ 
sary,  and  the  spectral  bandwidth  riust  also  be  considered. 

In  infrared  work,  the  choice  of  optical  systems  is  usually  between  refracting  and 
reflecting  systems,  depending  on  application,  the  materials  acceptable  to  the  applica¬ 
tion,  and  the  necessity  for  chromatic  correction. 

9.7.2.  Correction  of  Primary  Aberrations.  After  the  type  of  optical  system  has 
been  selected  or  invented,  the  next  major  step  in  the  design  process  is  the  correction 
of  the  primary  aberrations,  or  at  least  the  correction  of  as  many  of  them  as  are  necessary 
and  feasible. 

9. 7.2.1.  First  Sitpj.  The  elements  most  be  arranged  to  provide  the  dt  sired  optical 
characteristics,  such  83  focal  length,  aperture,  field,  etc.,  for  the  system. 

The  usual  method  for  correction  of  aberrations  is  bending  of  the  elements  The  longi¬ 
tudinal  chromatic  aberration,  lateral  color,  Petzval  curvature,  and  to  a  certain  extent 
distortion  «.  unaffected  by  bending.  Chromatic  aberration  and  Petzval  curvature 
must  be  corrected  in  the  original  power  and  space  layout.  The  thin-lens  contribution 
equations  (see  Sec.  9.6.2)  are  useful  at  this  stage,  and  it  is  ordinarily  a  relatively 
straightforward  procedure  to  adjust  the  system  so  that  the  il  chC,  iTchC*,  and  1PC 
are  equal  to  values  which  have  been  selected  as  desirable, 

Then  the  spherical  abe;  ration,  coma,  astigmatism,  and  distortion  must  be  corrected 
to  their  desired  values.  It  is  probably  best  at  this  stage  to  make  a  graph  of  the  aberra¬ 
tion  contributions  from  each  element  as  u  function  of  the  element  shape.  From  a  set 
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of  such  graphs  a  region  (or  regions)  fcr  the  solution  can  be  selected.  These  graphs 
can  be  made  from  data  obtained  by  the  use  of  the  thin  ,ens  contribution  equations  (see 
Sev.  9.6.2),  the  surface  contribution  equations  (see  ec.  9.6.1)  or,  in  certain  cases,  by 
direct  ray  tracing.  The  last  two  procedures  are  more  appropriate  for  work  with  elec¬ 
tronic  computers. 

When  the  region  of  the  solution  is  selected,  a  method  of  differential  correction  is 
applied.  The  partial  differentials  of  the  aberrations  against  shape  are  computed  and 
also  the  value  of  the  aberrations  for  a  trial  prescription.  The  desired  amount  of  change 
of  each  aberration  (A  A)  is  determined  by  analysis  of  the  trial  prescription;  the  necessary 
simultaneous  equations  of  the  form 


“  =  2  A  »c, 

are  set  up  and  solved.  Because  of  the  nonlinearity  of  the  equ„.ions,  the  solution  is 
seldom  precise;  however,  the  preselection  of  the  solution  neighborhood  limits  the  size 
of  AC  so  that  the  i  multaneous  solution  is  a  good  approximation  and  a  series  of  solutions 
converges  rapidly  on  the  desired  design  shape. 

9.7.2.2„  Limiting  the  Parameters.  If  three  aberrations  A,  B,  and  C  are  to  be  cor¬ 
rected  by  adjustment  of  three  parameters  x,  y,  and  z,  an  initial  trial  of  x,  y,  and  z  can 
be  modified  by  changing  one  of  the  parameters,  Bay  z,  so  that  one  of  aberrations,  say 
C,  is  "corrected.”  Then  parameter  y  is  changed  and  c.  new  value  of  z  iB  determined 
t/?  hold  the  correction  of  C  Parameter  y  is  varied  in  this  manner  until  aberrations 
B  and  C  are  simultaneously  corrected.  Then  parameter  x  is  changed  and,  with  each 
change  of  x,  y,  and  z  are  adjusted  as  above  to  hold  aberration  B  and  C  as  desired.  Then 
x  is  varied  in  this  nu  nner  until  aberration  A  is  brought  to  correction  simultaneously 
with  B  and  C.  Graphs  of  C  vs.  z,  B  vs.  y,  and  A  vs.  x  are  useful  in  such  a  procedure. 

3.7.2.3.  Adding  Thickness.  If  the  thin- lens  expression*  heve  been  used  in  the 
preceding  steps,  it  is  necessary  to  add  thickness  to  the  elements.  This  is  generally 
done  by  adjusting  the  secondary  curvature  of  each  thick  element  to  hold  the  thick- 
element  power  equal  to  the  th'n-lens  element  power.  The  spacing  between  elements 
is  then  adjusted  so  that  the  separation  of  the  principal  points  of  the  thick  element 
is  equal  to  the  thin-lens  spacings.  This  method  serves  to  retain  the  overall  system 
power  and  working  distance  at  the  same  values  as  the  thin-lens  system. 

9.7.24.  Trigonometric  Corrections.  When  the  aberrations  have  been  corrected 
usin^  third-order  aberration  contributions  (either  thin  lens  or  surface  contributions), 
it  is  necessary  to  trace  rays  trigonometrically  to  determine  the  actual  state  of  correction 
of  the  system  It  will  usually  differ  by  a  small  amount  from  that  predicted  by  the 
third-order  expressions.  However,  a  step  or  two  of  differential  correction  as  outlined 
in  Sec.  9.7.2. 1  will  usually  bring  the  trigonometrical  correction  to  the  correct  value. 

It  is  p  ssible  to  go  directly  to  trigonometric  correction  from  the  thin-lens  expressions 
(provided  that  the  method  of  introducing  thickness  is  rigorously  consistent).  Alterna¬ 
tively,  an  additional  step  of  determining  and  correcting  the  surface  contributions  may 
be  desirable  after  thicknesses  are  introduced. 

9.7.3.  Reduction  of  Residual  Aberrations.  After  the  primary  aberrations  have 
been  brought  to  correction,  the  design  is  usually  tested  for  residual  aberrations.  The 
primary  aberrations  are  generally1  corrected  for  a  single  zone  of  the  aperture  or  field  and 
can  be  expected  to  depart  from  correction  in  all  other  zones,  as  discussed  in  Sec.  9.4.5 

If  there  were  any  parameters  that  were  not  used  in  the  wrection  of  the  primary 
aberrations,  these  may  be  systematically  varied  and  their  effects  on  the  residuals 
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noted  and  used.  The  possibility  that  more  than  one  "neighborhood  of  solution”  exists 
should  not  be  overlooked;  it  is,  in  effect,  an  extra  parameter. 

An  analysis  of  the  source  of  the  third-order  contributions  will  oiten  pinpoint  one 
or  two  especially  heavy  contributory  elements  of  the  system.  A  reduction  of  a  single 
large  contribution  will  often  reduce  residual  aberrations.  This  can  be  accomplished 
by  introducing  a  correcting  element  near  the  offender  (for  example,  convert  a  s;ngle 
positive  element  into  a  positive-negative  doublet)  or  by  splitting  the  offending  element 
into  two  elements  whose  total  power  equals  that  of  the  original.  This  latter  technique 
introduces  two  new  variable  parameters;  the  ratio  of  the  powers  of  the  two  new  elements, 
and  the  shape  of  the  added  element.  Alternatively,  a  new  shape  for  the  offemk .  may 
reduce  its  contribution  to  an  acceptable  level. 

Where  residuals  are  a  problem,  it  ie  wise  to  reconsider  the  starting  power  and  spacing 
layout.  It  is  sometimes  possible  to  revise  the  layout  in  such  a  way  that  the  powers 
of  the  elements  can  be  reduced.  This  ie  a  rapid  way  of  reducing  residuals. 

9.7.4.  Automatic  Design.  The  electronic  computer  has  made  possible  the  auto¬ 
matic  implementation  of  certain  of  the  preceding  steps;  for  example  correction  of  the 
third-order  aberrations  to  a  desired  set  of  values.  In  this  technique  the  computer 
calculates  the  partial  differentials  of  the  aberrations  with  respect  to  the  available 
parameters  and  solves  the  resulting  simultaneous  equations  to  determine  the  required 
changes  necessary.  These  approximate  changes  are  then  automatically  applied  to 
their  respective  parameters,  and  the  proc  ss  is  repeated  until  the  aberration  contribu¬ 
tion  sums  are  within  predetermined  limits  cf  the  desired  values.  The  system  is  then 
submitted  to  a  trigonometric  ray-trace  check,  and  the  process  is  repeated  if  necessary 
until  the  ray-trace  aberrations  are  corrected. 

Another  school  of  automatic  correction  uses  a  "merit  function,”  which  is  typically 
a  weighted  average  of  the  absolute  uepartures  of  the  intersections  of  many  rays  from 
an  ideal  point  image.  Various  techniques  (least  squares,  steepest  descent,  and  others) 
are  used  to  improve  the  "merit  function”  automatically. 

It  is  not  possible  in  a  handbook  of  this  size  to  provide  the  automatic  lens-design 
programs.  From  the  references  cited  in  the  summary  below,  one  can  obtain  some 
of  the  programs  and  get  in  touch  with  thoee  responsible  for  their  development  or  use. 

Two  distinct  types  of  automatic  lens  correction  are  evident  in  the  published  literature. 
The  first  code  gives  tile  problem  to  the  computer  in  explicit  mathematical  terms,  thus 
making  it  possible  for  any  engineer  or  scientist,  with  a  modest,  knowledge  of  optics, 
to  obtain  lens  designs  [1-4],  The  second  type  requi'  es  directi  by  a  skilled  specialist 
who  makes  qualitative  judgments  and  compromises;  hence  the  computer  should  be 
regarded  as  a  tool  presenting  fhe  designer  with  provisional  solutions  only  [5,6].  Work 
is  also  being  done  in  the  design  and  manufacturing  of  aspheric  optical  element*!  17,8]. 
Bell  and  Hcwell  have  been  quite  active  in  this  branch  of  design  and  have  developed 
a  computer-programmed  lens-grinding  system  [9]. 

Procedures  and  typical  designs  are  presented  in  a  thesis  by  G.  Spencer  [10],  from 
which  we  quote  directly: 

In  1954,  Roeen  and  Eldert  described  a  method  designed  to  reduce  the  values  of  a 
large  number  of  ray  deviations  —  a  number  in  exress  of  the  number  of  available 
variables  [111.  This  led  them  to  a  least  squares  formulation.  Hopkins,  McCarthy, 
and  Walters  [121  «*nd  McCarthy  [13],  on  the  othei  hand,  were  interested  in  arriving 
at  specific  values  for  the  first-erder  chromatic  and  third-order  monochromatic 
aberrations  -  altogether  seven  in  number  and  less  than  fhe  number  of  available 
variables.  This  led  them  to  a  modified  Newton-Raplison  procedure,  described 
by  them  in  1955.  Feder  phrased  the  problem  in  terms  o f  the  reduction  of  a  single 
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"merit  'unction”  for  the  system  with  the  implication  that  the  smaller  the  value 
of  the  merit  function  the  better  the  state  of  correction  of  the  system.  This  led 
him  to  an  extensive  investigation  of  various  gradient  methods  which  he  published 
in  1957  [1 1],  Modified  gradient  methods  which  maintain  constant  values  for 
certain  system  characteristics  while  simultaneously  reducing  the  value  of  a  merit 
function  have  been  described  both  by  Feder  [14j  and  by  Meiron  and  x>benstein  (15]. 

The  methods  of  Rosen  and  Eidert  and  of  Hopkins  and  McCarthy  may  be  termed 
linearization  methods  since  they  involve  the  approximation  of  non-linear  functions 
v  linear  ones  at  each  iteration.  Practically  all  of  ihe  procedures  thus  far  reported 
in  the  literature  may  be  classified  as  either  linearization  methods  or  gradient 
methods.  Procedures  which  defy  these  classifications  have  been  described  by 
Black  [16]  and  by  Meiron  and  Volinez  (17].  These  methods  involve  the  successive 
adjustment  of  individual  system  parameters  to  values  which  minimize  a  figure 
of  merit  for  the  system.  They  may  be  called  relaxation  methods.  Black  also 
mentions  the  use  of  bloch  and  group  operations  on  system  parameters,  which  are 
standard  relaxation  techniques.  Relaxation  methods  appear  to  be  consider  ably 
less  efficient  than  either  gradient  or  linearization  methods,  however. 

Probably  the  most  successful  automatic  correction  methods  to  appear  thus  far 
ar**  the  SLAMS  method  introduced  by  Wynne  (18]  and  Nunn  and  Wynne  [19] 
and  the  corrugate  gradient  method  investigated  by  Feder  [20]. 

Other  references  include  the  work  of  Holladay  [21],  of  Gray  [22],  and  of  O’Brien  [23]. 

9,8.  Achromatism  and  Achromats 

Many  infrared  systems  make  use  of  reflecting  optics  because  of  their  freedom  from 
chromatic  aberration. 

The  condition  for  achromatism  can  be  taken  directly  from  the  thin-lens  aberration 
contribution  equation  (9-220)  and  is  given  by 

SLchC  =  0  =  -  —7-  ly*<t>!V  (9-230) 

U  k 


For  a  system  of  two  refracting  elements  in  close  contact,  the  powers  of  the  elements 
may  be  solved  for  directly,  giving 


4>a  =  — A-tt~  Wa *  -  R VB)  (9-23D 

( v a  ~~  v b) 

Vh 

- —  (<t>As-RVA)  (9-232) 

(  V  b  ~  V At 


LchA  _  LchA'  _  / lr  —  lr\  _  (l'r  -  /'A 

C*  i 1  ”  \  lrlr  )  \  l'r  l'r  ) 


(9-233) 


where  4>a,  4>><,  4^  are  the  powers  of  the  elements  A  and  B  and  the  doublet  AB  re¬ 
spectively,  VA  and  VB  are  tlie  AbW  V  numbers  (n„  -  l/nr  —  nr )  of  the  elements  A  and 
B,  and  A  is  a  residual  chromatic  aberration  term  as  defined  in  Eq.  (9-233).  In  the 
Eq.  (9-233),  LchA  is  the  chromatic  aberration  of  the  object  a  distance  l  from  the  doublet 
and  LchA '  is  the  chromatic  desired  in  the  image  located  a  distance  /'  from  the  doublet: 
lt  and  l,  are  the  object,  distances  in  short  and  long  wavelengths,  respectively,  and 
V c  and  l'r  are  the  image  distances.  If  a  real  object  is  to  be  imaged  without  any  chro¬ 
matic  aberration  (as  is  usually  the  case)  the  equations  reduce  to 
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+a-Va+abKVa-Vb)  (9-234) 

*b-V.+abKVb-Va)  (3-235) 

In  the  infrared,  it  is  necessary  to  check  the  secondary  spectrum  carefully.  For  example, 
ordinary  optical  glasses  are  often  used  in  the  lead  sulfiuo  region  and  one  might  calculate 
an  "achromat”  from  Eqs.  (9-234)  and  (9-235)  using  V-vaiues  based  on  wavelengths  of 
1.0  n,  1.8  fi,  and  2.5  p  which  would  yield  a  doublet  that  brought  radiation  of  1.0  fi  and 
2.5  n  to  a  common  focus.  However,  on  ray  tracing  the  intermediate  wavelengths 
one  would  find  a  very  large  secondary  spectrum,  because  for  every  pail  of  optical  glasses 
there  is  a  wavelength  between  1.0  /i  and  1.5  n  at  which  thsir  reciprocal  relative  dis¬ 
persion  (V  values)  if  identical.  At  this  wavelength  the  doublet  is  no  better  corrected 
than  a  single  element.  To  achieve  chromatic  correction  over  this  particular  spectral 
region  it  is  necessary  to  use  fluorite  (CaFt)  in  combination  with  a  fhnse  barium  crown 
or  a  light  flint  glass. 

The  thin-lens  expression  for  secondary  spectrum  (Eq.  9-222)  indica'es  a  technique 
for  handling  this  problem.  For  the  secondary  spectrum  to  be  zero,  the  conditions 
that  XLchC  =  0  and  !SSC  =-  0  are  necessary.  In  a  thin  doublet 

1SSC  =  -n  +  -0J  (9-236) 

and  if  values  for  <pA  ami  <bB  from  Eqs.  (9-234)  and  (9-235)  are  substituted  into  this 
expression,  the  following  equation  can  be  derived: 


ISSC  «  f(P„  ~  PA)HVA  -  VB) 


(9-237) 


in  which  PA  must  equal  PB  to  achieve  a  zero  secondary  spectrum.  A  plot  of  P  against 
V  for  the  available  materials  (P  and  V  calculated  for  tne  spectral  band  of  interest)  is 
useful  in  selecting  the  pair  of  materials  with  the  smallest  value  of  ( Pb~Pa)I(Va  —  Vb) 
and  hence  the  smallest  secondary  spectrum. 

9.9.  Resolution,  Definition,  and  Image  Spot  Size 

The  revolving  power  of  a  system  is  the  smallest  angular  separation  of  two  equally 
bright  point  sources  at  which  the  system  can  detect  that  there  are  two  sources  rather 
than  one.  The  resolution  does  not  fully  describe  the  performance  of  an  optical  system, 
and  other  criteria  such  as  energy  distribution  and  frequency  response  have  come  into 
use.  The  energy  distribution  is  often  represented  by  a  plot  of  the  percentage  of  the 
total  image  energy  falling  within  a  circle  of  a  given  diameter  against,  the  diameter  of  the 
circle.  Frequency  response  is  the  percentage  modulation  of  intensity  in  the  image  of 
an  object  of  a  giver,  spatial  frequency  and  is  usually  presented  as  a  plot  of  percentage 
modulation  or  response  against  spatial  frequency. 

9.9.1.  The  Airy  Disc.  The  wave  nature  of  light  limits  the  characteristics  of  the 
image  formed,  even  by  an  optical  system  without  aberration,  to  a  disc  of  illumination 
surrounded  by  rings  of  illumination  which  are  progressively  fainter  for  larger  rings. 
This  pattern  is  shown  in  Fig.  9-28.  Figure  9-29  indicates  the  illumination  levels  in 
the  pattern.  (The  illumination  levels  in  the  ringB  are  highly  exaggerated  for  clarity.) 

For  a  circular  aperture,*  the  illumination  distribution  in  this  pattern  is  given  by 


E  «  Kp* 


(mV + 1 

(jnL \* 

1 

( y  . ; 

(  m*  )'  i 

\  2  /  +3 

\2*2 !/ 

4 

\2»3!/  5 

(9-238) 


•See  Fig.  9-30  for  meaning  of  symbols. 
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Fig.  9-28.  Appearance  of  diffraction  pattern. 


Illumination 


Fig.  9-29.  Relative  illumination  in  Airy  disc  with  the  size  of  the 
'W'-iral  maxima  reduced  in  scale. 


Fig  9-30.  Meaning  of  symbols  >n  Eqs.  (9-238)  through 
(9-242)  and  Table  9-2. 
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in  which 

where  E  =  the  illumination  at  point  Z 

p  -  the  semidiameter  of  the  aperture  of  the  system 
X  =  the  wavelength  of  the  energy 

a  =  the  angle  subtended  by  the  distance  from  the  point  7  to  the  axis,  from  the 
aperture 

For  a  slit  aperture  the  pattern  becomes  a  series  of  lines  and  the  illumination  is  given 
by 

qin2  772 

E  =  K  -  ( 1  +  cos  a )  (0-240) 

m‘ 

For  a  rectangular  aperture,*  the  illumination  is 

sin*  m i  sin*  mt 

E  =  tfp,*pt* - - - —  (9-241) 

m,*  m2 * 

Table  9-2  giv?.-,  the  location,  relative  illumination,  and  integrated  illumination  for 
the  central  disc  and  the  first  four  rings  for  the  circular  and  slit  apertures. 

The  Rayleigh  criterion  assumes  that  two  points  are  just  resolved  if  the  central  max¬ 
imum  of  one  image  pattern  is  directly  over  the  first  dark  ring  of  the  other,  and  vice 
versa.  Figure  9-31  illustrates  this  condition.  Thus  (from  1  able  9-3)  the  separation 
tor  this  condition  is 
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2np  . 
m  —  — - —  sin 

K 


(9-239) 


Z  =  0.61X/*  sin  0  (9-242) 

where  Z  is  the  linear  separation  between  the  images,  X  is  the  wavelength,  n  is  the  final 
index,  and  0  is  the  half-angle  subtended  by  the  aperture  from  the  image. 


Table  9-2.  Location,  Relative  Illumination,  and  Integrated 
Illumination  for  Circui-ar  and  Slit  Apertures 

Circular  Aperture  Slit  Aperture 


Ring 
(or  Band ) 

Z 

Peak 

Total  Ring 
Energy 

Proportion 
of  Total 

Z 

Peak 

( Kin  sin  6) 

Illumination 

Relative  to 

Energy  in 

( Kin  sin  6) 

Illuminati 

Central  max. 

0 

1.0 

Central  Disc 

1.0 

Each  Ring 

0.839 

0 

1.0 

1st  dark 

0.61 

0 

— 

- 

0.5 

0 

2nd  bright 

0.819 

0.01745 

0.084 

0.071 

0.715 

0.0469 

2nd  dirk 

1.116 

0 

- 

- 

1.0 

0 

3rd  bright 

1.333 

0.00415 

0.033 

0.028 

1.230 

0.0168 

3rd  dark 

1.619 

0 

— 

- 

1.5 

0 

4 th  bright 

1.847 

0.00165 

0.018 

0.015 

1.736 

0.0083 

Atk  dark 

2.120 

0 

— 

- 

2 

0 

5  th  bright 

2.361 

0.00078 

0.011 

i 

2.235 

0.0050 

5th  dark 

2.322 

0 

— 

- 

2.5 

0 

•See  Fig.  9-30  for  meaning  of  symbols. 
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Fig.  9-31.  Rayleigh  criterion  for  resolution; 
peak  intensity  from  one  Airy  disc  dislocated 
at  first  dark  ring  of  other  Airy  disc. 


If  the  optical  system  is  reasonably  aplanatic,  pit'  can  be  substituted  for  n  sin  8  (if 
the  image  is  in  °ir)  and  the  following  expression  derived  for  the  limiting  angular 
resolution  (Zli)  of  an  optical  system 

/3=  0  61  A/p  (9-243) 

where  /3  =  the  angular  separation  of  the  two  objects  which  are  just  resolved 
p  —  the  semiaperture  of  the  optical  system 

9.9.2.  The  Effects  of  Aberrations  on  the  Airy  Disc.  Rayleigh  established  a 
criterion  fc  the  amount  of  aberration  which  could  be  tolerated  without  "sensibly” 
degrading  the  image  of  an  otherwise  perfect  system.  The  Rayleigh  limi*  can  be  ex¬ 
pressed  as  follows. 

An  image  can  be  "sensibly”  perfect  if  there  exists  not  more  than  one  quarter-wave¬ 
length  difference  in  optical  path  over  the  wavefront  with  reference  to  a  spherical 
wavefront  about  the  selected  image  point  (see  Tables  9-3  and  9-4). 


Table  9-3.  Distribution  of  Energy  in  Central  Disc 


Amount  of  Aberration 

nora-J  in  C'ontm]  Die/* 

— - -  ov  - •  ■  -  —  - 

(%) 

V.nergy  in  Rings 
"(%) 

Perfect  system 

84 

16 

1/4  Rayleigh  limit 

83 

17 

1/2  Rayleigh  limit 

80 

20 

1  Rayleigh  limit 

68 

32 

Table  9-4.  Rayleigh  Limit  in  Geometric  Terms 


One  Rayleigh  limit  of: 

Out  of  focus  = 

Third-order  longitudinal  spherical  aberration  = 
Residual  zonal  longitudinal  spherical  aberration  = 
.'.  gittal  come  = 

Longitudinal  chromatic  abet  nation  ~ 


A/2r/  sin*  U'm 
4 \/n'  sin*  U'm 
6\/:T  sin*  U'm 
A/2 n'  sin  U'm 
k/n'  sin*  U'm 


9.9.3.  Geometrical  Limits  on  Resolution.  When  aberrations  are  small,  their 
effects  on  image  size  should  be  evaluated  in  terms  of  the  diffraction  pattern.  Howeve. , 
when  the  aberrations  are  quite  large,  the  blur  spot  predicted  by  ray  tracing  may  be 
used  to  determine  the  image  characteristics. 
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9.9.3.I.  Third-Order  Sphericcl  Aberration.  Figure  9-32  shows  the  pattern  of  ray 
intersections  at  the  image  of  a  lens  system  with  pure  third-order  spherical  aberration, 
that  is,  aberration  which  can  he  described  by  the  equation  LA  =  oty*.  There  is  a 
well-defined  minimum  diameter  blur  spot,  which  occurs  at  0.75  LAm  from  the  paraxial 
focus.  At  this  point  the  blur  diameter  is  given  by 


3min  =  0.5 LAm  tan  (J’m  (9-244) 

and  is  one-fourth  the  size  of  the  blur  at  the  paraxial  focus. 

When  the  aberration  is  small,  the  position  of  best  focus  (chosen  on  the  basis  of  wave- 
fronr  aberration  or  minimum  optical  p~th  difference,  O.P.D.)  is  halfway  between 
the  mariginal  focus  and  the  paraxial  focus. 


Focu*  (or 
Minimum  O.P.D. 


Fi  .  9-32.  Pattern  of  ray  intersections  at  image  lens  system  with 
pur~  third-order  spherical  aberration. 


9.9.3.2.  Third ■  and  Fifth-Order  Spherical  Aberration.  In  the  presence  of  third- 
and  hflh -order  spherical  aberration  ( i.e when  LA  =  ay *  +  by*),  there  are  two  possi¬ 
bilities  for  optimization.  On  the  basis  of  O.P.D.  the  best  image  occurs  when  the  lens 
is  designed  so  that  LAm  =  0,  but  the  minimum  geometrical  blur  circle  occurs  when 
LA,  -  1.5  LAm.  Both  cases  are  illustrated  in  F?g.  9-33. 

Marginal  spherical  equal  to  zero  The  minimum  O.P.D.  focue  is  0.75  LA,  from  the 
paraxial  focus  but  the  minimum  diameter  blur  occurs  at  0.422  LA,  from  the  parexial 
focus.  At  this  latter  point  the  blur  diameter  is  given  by: 


£m(»  **  0  84 LA,  t  an  U'a  (for  small  angles) 

Butin  ~  0.42LA,  (tan  U'm  +  sin  U'm)  for  larger  angles 


(9-245) 
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- Focus  Positions  for  Minimum  O.P.D. 

and  Minimum  jr  Spot  Diameter 


.Axial  Intercept 
of  Rays 


Ray  Height 


y 


nr 


0.707  y 
'in 

( 


Fig.  9-33.  Geometrical  image  formation  in  p/esence  of  third-  and  fifth-order  spher¬ 
ical  aberration,  (a )  where  LA„  -  0  and  (6)  where  L \,  ~  1.5  LA  «  (state  of  correction 
actually  produces  smaller  geometrical  blur  spot  although  v^.P.C  is  less  »n  case  where 
LA  „  -  0). 


Marginal  spherical  equal  to  0.67  zonal  spherical.  The  minimum  O.P.D.  focus  is 
0.1bLAmaI  from  the  paraxial  focus  but  the  minimum  diameter  of  the  blur  spot  is 
1.25  LAm  from  the  paraxial  focus  and  is  given  by 

B  mi„  *>  0.5  LAm  tan  f/'~  (9-246) 

9.9.3.3.  Chromatic  Aberration.  The  treatment  of  blur-spot  size  in  the  presence 
of  longitudinal  chromatic  aberration  is  complicated  because  the  spectral  response 
of  the  detector  is  a  factor.  Figure  9-34  shows  the  image  energy  distribution  undei 
these  circumstances.  The  insert,  figures  show  the  spectral  response  plots.  The  main 
graphs  plot  the  percentage  of  the  total  energy  within  a  given  diamete-  area,  where 
the  diameter  of  the  area  is  given  as  a  fraction  of  the  total  size  of  the  chromatic  blur 
spot.  The  total  size  of  the  chromatic  biui  spot  can  be  determined  from 

B min  =  LchA  ■  tan  U'm  =  (l'r  —  t",)  tan  U'm  (9-247) 

The  eneigy  density  in  the  chromatic  blur  spot  is  not  uniform  ■  75  to  95%  of  the  "effec¬ 
tive”  energy  is  contained  within  the  central  half  diameter  (or  quarter  of  the  area) 
of  the  spot. 

It  is  often  of  interest  to  determine  the  image  characteristics  at  the  image  of  a  tmarp 
edge.  The  intensity  at  the  image  of  an  edge  in  the  presence  of  chromatic  for  the  two 
response  characteristics  is  shown  in  Fig.  9-35. 
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Diameter  of  Area  — 
aa  a  Fraction  erf  Toial 
Chromatic  Blur  Sire 

Fig.  9-64.  Energy  distribution  in  presence  of  longitudinal  chromatic 
aberration  with  plane  of  reference  midway  between  extreme  focii. 
Graph  indicates  percentage  of  total  energy  in  image  that  falls  within 
a  circle  of  given  distance. 


r  Geometrical  Position 

f  Image  of  mile  Edge 


Distance  from  "Ideal"  Position  of  Kn)fe  Edge  Image 
(as  a  fraction  of  'he  total  chromatic  blur  size) 

Fig.  9-36.  Intensity  grai'ient  at  image  of  knife  edge 
in  presence  of  longitudinal  chromatic  with  plane  of 
focus  midway  between  extre  ie  foci:. 
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9.10.  Summaij  of  Equations 

n’  sin  /'  =  n  sin  / 


-  =  i  t  - 

s’  a  f 
{'  =  "*.<* 
__f  =  zL 

rn  /• 

X  f 


I  —  hnu  —  h’n’u'  —  ynupr 

1  ri  _1_  in  —  D*  1 

power  =  6  =  -  =  (n  -  D  [7,  ~ rj  +  nr,ri  J 

f  ( n  —  1)  ,  1 

«  (n  -  1)  I  c,  -  c,  +  — - *c,c,J 


ll'i  =  U  i  + 

vi+i  -  yt  -  d’iUt 
fAe=ZfA+f*-d 

f  _  fAB<* 


/s  As  _ 

/•_s'  /u/v.  (v  +  f a)  ±  vTo  -  ft)1  -  lfa(v  -  ft) 

d  =  7 - ;  =  A  +  /»  _  7  2 

f6  —  s  t  AB 

Xd>  —  min 


d  =  v  -  fAb  -  '/ Tab  f ab  ~  <’) 

!<f>  =  min 

S'  =(aB±  VhslfAB  ~  v ) 

(u'tn'i)  =  ui-tn,  +  yAn'i  -  ni)ln 
yiA,  -  y*  “  t'i(u',n‘i)ln'i 

numerical  aperture  =  N.A.  =  n  sin  u 

,  ,  _  = 

tan  £/'„  tan  V’m 

LA'^I.'-l' 

coma,  —  H' ab  ~  W  »- 

x  _  _  coma,  _  sin  U \  u\  —  1 

O.c.C.  -  ^  Ul  sin  U'k  (L'  —  l'pr) 
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X.  =  L'cg  -  /' 

xt=l'ae  -  r 

Distortion  =  H'pr  —  A' 
LchA  = 

Tch  A  =  H  'r  -  H  r 
C  D.M.  =  (H'r  -H'r)th' 
i  A'  =  L'  ~  r 
TA'  ~LA'  tan  U' 


O.S.C. 


sin  U ,  U ’  (/'  -  '  V) 

u,  sin  1/  '  (L'  —  l ' pT ) 


xpU  =  1.5jc,  —  0.5.t( 
Dist  =  H'pr  —  h' 
LchA  —  l'r  ~  l'r 


TchA  =  tt  r  F'- 
DesA  Calculations 

Paraxial  Ray  Trace:  Sec.  9.5.3. 1 
Meridional  finite  radii:  Eq.  (9-72) 

Meridional  planes:  Eq.  (9-83) 

Computer  Calculations 

Meridional:  Eq.  (9-101) 

Skew  ray,  sphencai  surface:  Eq.  (9-128) 

Skew  ray,  aspheric:  Eq.  (9-144; 

Third-order  surface  aberrations:  Eq.  (9-160) 
Third-order  thin  lens  aberrations:  Eq.  (9-203) 

ZLchC  =  0  =  - -l-ly't/V 
<J  k 


<i>A  = 


V, 


4>h  -  rr  ; 


( V  A  —  V  H  ) 
Vs 


(V„  -  VA) 


—  RV  g) 

(<t>  ,*b  —  RV  \) 


LchA  _  LchA'  /  lr  -  l r\  _  (l'r  -l\\ 
P  l' 4  \  /r/P  /  \  l' rl' r  ) 

<t>A  ~  Va4>AbI(  V.4  ~  V  g) 

lSSC  =  f(Pg-PA)l(VA  -  V„) 

,,  i,  ,  ,  sin*  m,  sin*  m2 
c  =  A  prpi* 


m,J 


mj1 


Z  =  0.61X/n  sin  0 
/3  =  0  61X/p 
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10.  Optical  Systems 

10.1.  Useful  Optical  Devices 

10.1.1.  Afjcal  Systems.  An  afocal  system  has  its  object  and  image  at  infinity  and 
thus  has  no  focai  length.  It  is  composed  of  two  or  more  components  so  arranged  that 
(in  a  two-component  system)  the  image  of  the  first  component,  which  is  the  object  for 
the  second,  lies  exactly  at  the  first  focal  point  of  the  second  component  and  is  thus 
reimaged  at  infinity.  Figures  10-1  and  10-2  show  afocal  systems. 


OLJecUve  Eye  Lons 


Galilean  Telescope 


Fig.  10-1.  Astronomical,  Galilean,  and  terrestrial  telescopes. 
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Fig  10-2.  Afocal  systems  (lower  sketches  show  reflecting  equivalents 
or  refracting  systems  above). 


10.1.1.1.  Magnification,  or  Magnifying  Power.  An  ai'ocnl  system  usually  has  a 
characteristic  magnification,  in  that  the  object  appears  larger  (or  smaller)  when  viewed 
through  the  telescope  than  with  the  unaided  eye.  Figure  10-3  shows  a  simple  tele¬ 
scope  with  an  objective  focal  length  of  /j  and  an  eye-lens  focal  length  of/*.  The  object 
subtends  a  half-angle  of  «i  at  the  objective;  thus  the  image  formed  by  the  objective 
has  a  height  equal  to  f  tan  a,.  The  half-angle  subtended  by  the  internal  image  at  the 
eye  lers  is  thus  the  image  height  divided  by  the  focal  length  of  the  eye  lens,  giving 


tan  at  —  —  tan  cti 
ft 


<10-11 


Since  th*  apparent  angular  size  of  the  object  when  viewed  through  the  telescope  is 
given  by  tan  «2,  the  object  will  appear  to  have  been  magnified  by  f  l ft,  where  the  mag¬ 
nification  is  given  by 


M  =  fjft 


(10-2) 


The  diameter  of  the  axial  bundle  of  rays  emerging  from  the  telescope  is  also  governed 
by  the  viagnification.  From  Fig.  10-3, 


CA, 

CAt 


(10-3) 
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The  space  between  objective  and  eye  lena  is  equal  to  f\  +  ft  for  both  the  astronomical 
and  Galilean  telescopes.  Also,  the  eye  lenses  of  the  astronomical  and  terrestrial 
telescopes  form  an  external  image  of  the  objective  aperture,  through  which  all  the 
energy  emerging  from  the  telescope  passes.  This  image  is  called  the  exit  pupil  and  is 
the  customary  location  of  the  eye  (see  Sec.  9.3  on  stops  and  apertures).  The  Galilean 
telescope  has  a  virtual  exit  pupil  inside  the  telescope  [11 

10.1.1.2.  Anamorphic  Systems.  An  anamorphic  system  has  n  focal  length  or  mag¬ 
nification  in  one  meridian  different  from  that  in  the  other.  In  Fig.  10-4  the  eye  is 
replaced  by  a  lens  of  focal  length  /*  at  the  exit  pupil.  The  li  .ial  length  of  the  combina¬ 
tion  is  equal  to  the  magnification  of  the  teleax>pe  times  fa.  If  the  telescope  is  composed 
of  lenses  with  cylindrical  surfaces,  the  overall  system  will  have  a  focal  length  of  AT  f3 
in  one  meridian,  but  in  the  meridian  parallel  to  the  cylinder  axes  it  will  have  a  focal 
length  of  ft  because  in  this  meridian  the  cylinders  are  acting  as  plane  surfaces.  A 
schematic  anamorphic  system  is  sketched  in  Fig.  J  0-5. 

Anamorphic  systems  can  be  used  in  infrared  work  where  it  is  desired  to  use  a  square 
or  circular  detector  and  at  the  same  time  obtain  a  wide  field  of  view  in  one  meridian 
and  a  narrow  field  of  view  in  the  other. 


Fic.  10-4.  Anamorphic  syBtem  with  eye  replace*.'  L-y  lena  of  focal  length 
f3  at  the  exit  pupil. 


10.1.1.3.  Applications  of  Afocal  Systems.  Figure  10-2  shows  the  refracting  and 
reflecting  equivalents  of  astronomical  and  Galilean  telescopes.  These  systems  can  be 
used  in  infrared  work  to  reduce  the  diameter  of  the  collected  bundle  of  rays  from  the 
target.  Figure  10-6  shows  such  an  application.  Because  the  field  angles  are  increased 
by  magnification  at  the  same  time  that  the  diameter  of  th  bundle  of  rays  is  decreased, 
this  device  is  limited  to  systems  with  small  fields  of  view. 

10.1.2.  Relay  Systems,  Erectors,  and  Periscopes.  The  erector  lens  of  the  Ter¬ 
restrial  telescope  (Fig.  10-1)  indicates  the  technique  of  inverting  an  image  with  a 
relay  system,  which  may  at  the  same  time  magnify  or  minify  the  image.  To  carry 
an  image  through  a  long  narrow  path,  one  may  use  a  series  of  relay  systems,  with  each 
subsequent  system  reimagin0‘  the  original  object.  Figure  10-7(a)  illustrates  a  triple 
relay  system  in  which  each  relay  lens  operates  at  unit  magnification.  A  field  lens  can 
be  introduced  at  (or  near)  each  image  plane  to  redirect  the  energy  from  one  relay 
lens  into  the  aperture  of  the  succeeding  relay,  as  shown  in  Fig.  10-7C6).  The  field 
lens  forms  an  image  of  the  aperture  of  one  relay  system  in  the  aperture  of  the  next. 

10.1.2.1.  Projection  Systems  and  Condensers.  A  schematic  projection  system  is 
shown  in  Fig.  10-8.  The  reflector  is  a  spherical  mirror  positioned  with  its  center 
of  curvature  at  the  light  source  so  that  it  produces  an  inverted  image  oi  the  source 
in  the  same  plane  and  at  the  same  size  as  the  source.  This  raises  the  average  effective 
brightness  of  the  source,  either  by  filling  in  the  gaps  or  open;ngs  in  the  filament  or 


\ 

Filter 


Detector 


Fig  10-6  Application  of  a  reflecting  afocal  system  to  two-color  radiometer. 
Energy  alternately  traverses  pahs  and  B  When  the  m.rrored  chopper 
blade  is  in  the  beam  at  A’,  it  in  not  in  the  beam  at  Y.  and  rice  versa 
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Fig.  10-7.  Relay  and  field  lenses,  (a)  A  three-element  relay  system  in  which 
most  of  the  lib'ht  from  lens  A  escapes  ps  it  lens  B  and  lens  C.  In  (fr)  a  field 
lens  D  is  introduced  at  tht  image  piane  to  direct  light  from  lens  A  to  lens  B. 
The  field  lens  is  constructed  to  image  tne  aperture  of  A  into  the  aperture  of  B. 


Fig.  10-8.  Schematic  projection  system. 


arc,  ct  by  raising  the  temperature  slightly,  or  both.  The  condenser  images  the  source 
in  the  aperture  of  the  projection  lens.  For  optimum  efficiency,  the  image  of  the  source 
should  completely  fill  the  aperture  of  the  projection  lens.  The  projection  lens  images 
the  object  at  the  desired  position. 

If  the  light  source  is  replaced  by  a  detector,  the  projection  system  becomes  a  typical 
infrared  device,  with  the  projection  lens,  object,  and  condenser  functioning  as  objective, 
reticle,  and  field  lens,  respectively. 

Condensers  (and  field  lenses)  are  usually  made  up  of  one  or  more  single  elements. 
The  power  and  position  of  the  condensing  system  as  a  whole  tn :  calculated  from  the 
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equations  given  in  Sec.  9.2  to  produce  an  image  of  the  desired  size  and  location.  n 
estimate  of  the  number  of  elements  necessary  1b  made,  and  the  total  power  is  divided 
into  that  number  of  parts.  Each  element  is  shaped  for  minimum  spherical  aberration, 
either  by  vise  of  the  third-order  thin-lens  contribution  (Eq.  9-215),  or  by  shaping  them 
so  that  a  marginal  ray  is  deviated  equally  at  each  surface.  The  system  is  then  tested, 
either  by  trigonometric  ray  tracing  or  by  constructing  a  sample.  If  the  residual  spher¬ 
ical  aberration  is  too  large,  the  number  of  elements  may  be  increased,  or  one  or  more 
surfaces  may  be  aspherized. 

10.1.3.  Aplanatic  Surfaces  and  Elements  [2.3] 

10.1.3.1.  Aplanatic  Surfaces.  The  spherical  aberra..jn  contribution  of  a  surface 
is  zero  in  the  following  three  cases: 

(а)  When  the  object  and  image  both  lie  at  the  surface  (/  =  /'  =  0) 

(б)  When  the  object  and  image  both  lie  at  the  center  of  curvature  of  theourface 
(/  =  /'  =  r) 

(c)  When  the  object  lies  at 

l  =  r(n'  +  n)/n  (10-4) 

The  following  expressions  also  apply  for  this  case: 

l'  =  r(n'  +  n)/n'  (10-5) 

n'/n  ---  sin  u'l sin  u  (10-6) 

Case  c  is  the  upianatic  condition.  A  cone  of  rays  may  be  further  converged  by  the 
use  of  an  aplanatic  surface  without  introducing  any  additional  aberration.  Cases 
b  and  r  are  both  used  in  detector  immersion  lenses. 

lu.1.3.2.  Aplanatic  lenses  [4-7],  A  combination  of  cases  c  and  o  in  be  used  to 
make  a  lens  which  will  increase  the  convergence  of  a  cone  of  rays  without  introducing 
spherical  aberration.  The  first  surface  is  an  "aplanatic”  surface  of  the  case  c  type 
which  converges  the  rays  by  the  factor  n'/r  of  Eq.  (10-6).  The  second  surface  is  then 
made  concentric  with  the  image  formed  by  the  first  surface.  The  rays  are  undeviated 
by  the  second  surface,  and  the  convergence  of  the  entire  cone  of  rays  is  increased  by 
n'/n,  >r,  if  the  iens  is  in  air,  by  its  index.  Figure  l0-9  indicates  the  layout  of  such  a 
lent;.  An  aplanatic  lens  or  surface  can  only  increase  (or  decrease)  the  convergence 
(or  divergence)  of  a  cone  of  light.  It  does  not  bring  parallel  rays  to  a  focus  nor  does 
it  change  a  diverging  cone  of  rays  to  a  converging  one,  or  vice  versa. 

10.2.  Detector  Optics 

The  optics  immediately  associated  with  infrared  detectors  are  field  lenses,  immersion 
lenses,  and  light  pipes  (or  cone  condensers).  All  allow  use  of  a  smaller  size  detector. 
Field  lenses  and  light  pipes  also  redistribute  the  energy  over  the  surface  of  the  detect o’- 

10.2.1.  Application.  In  Fig.  10-10  the  objective  is  shown  as  a  simple  lens;  however, 
the  considerations  outlined  below  apply  also  to  a  system  with  a  compound  objective 
or  a  reflecting-type  objective.  The  objective  has  a  focal  length  f  and  an  effective  clear 
aperture  A.  The  detector  size  is  I)  and  the  detector  coveis  a  half-angle  of  view  a. 

If  the  objective  is  well  corrected,  then  the  relative  aperture  is  given  by 

flno  =  f/A  (10-7) 

and  for  moderate  angles 

D  =  2af  (10-8) 

Substituting  the  value  of  f  given  by  Eq.  (10-8)  into  Eq.  (10-7)  gives 

flno  =  D/2aA 


(10-9) 
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Fig.  10-9.  Aplanatica:  (a)  aplanatic  surface;  (6)  aoianatic  lens 
where  r,  is  an  aplanatic  surface,  r,  has  its  center  >f  curvature  at 
//.  This  lens  increases  the  convergence  of  the  oone  of  rays  by  a 
factor  of  n  without  introducing  aberration. 


Most  infrared  systems  require  a  large  aptn-cre  A  to  collect  a  maximum  of  radiation, 
a  small  detector  D  to  optimize  the  detector  signal  to  noise  ratio,  and  a  larje  field  a. 
These  requirements  reduce  the  necessary  fi no  (that  is,  ncrease  the  "relative  aperture”). 
The  limit  on  the  relative  aperture  of  a  well-corrected  optical  system  is  that  it  cannot 
exceed  ,wice  the  focal  length;  that  is,  ft  0.5  is  the  smallest  ft  no  attainable  (see  Fig. 
10-11).  h\  a  wen-corrected  system,  the  Abbe  sine  condition  must  hold  (p.  370).  The 
*ine  condition  can  he  expressed  as 


V  -  f  sin  u ' 


(10-10 
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Principal  "Plane” 


Fig.  10-11.  Principal  "plane”  of  well-corrected  system 
is  a  spherical  surface 


The  limiting  relative  aperture  is  given  !>y 

//no  =  fl2Y  =-  /'  4  =  0.5  (10-11) 

If  the  ft  no  from  Eq.  (10-11)  is  substituted  into  Eq.  (10-S),  the  following  theoretical 
limitation  on  the  relationship  of  A ,  D,  and  a  are  obtained: 

Dmtn  =  aA  (theoretical  limit)  (10-12' 


In  practice  it  is  often  undesirable  to  exceed  a  speed  of  /71.0,in  which  case  the  relation¬ 
ship  becomes 

Dm m  =  2«i4  ('‘practical”  limit)  (10-13) 


This  limit  applies  to  any  optical  systems  with  the  detector  in  air  including  systems 
with  field  lenses  and  systems  with  light  pipes.  Immersion  of  the  detector  in  a  material 
of  index  n  allows  a  reduction  in  D  by  a  factor  of  1/n. 

Equations  (10-12  and  10-13)  are  among  the  first  to  be  considered  in  designing  an  infra¬ 
red  system. 


10.2.2.  Field  Lenses.  Field  lenses  are  used  when  a  reticle  is  placed  at  the  focus 
of  the  system,  illuminating  the  detector  evenly,  or  when  a  minimum-size  detector  is 
required  for  use  w'lh  a  primary  objective  of  low  relative  aperture  Figure  10-12 
illustrates  the  principle  of  the  field  lens.  The  objective  forms  an  image  in  the  focal 
plane,  beyond  which  the  light  rays  diverge.  The  field  .is  causes  the  rrys  of  light  at 
the  edge  of  the  field  to  be  bent  toward  the  axis  so  that  they  all  fall  on  the  detector. 
When  a  field  lens  is  designed,  the  power  and  poe.tion  of  the  lens  are  selected  so  that 
the  objective  aperture  imaged  on  the  detector  is  the  f,ame  size  as  the  detector.  Equa¬ 
tions  (9-2)  and  (9-4)  are  used  to  determine  the  relationships  between  the  quantities 
of  Fig.  10-12: 


AID  =  SIS' 


(10-14> 


1  1  J_ 

f  (-S) +S* 

Combining  and  solving  for  the  focal  length  of  the  field  lens  gives 


/  = 


SD 

(D  *  A) 


(10-15) 


(10-16) 


The  necessary  diameter  of  the  field  lens  can  be  deduced  from  the  path  of  the  extreme 
ofT-axis  rays  (shown  dashed  in  Fig.  10-12).  Vignetting  these  rays  at  the  edge  of  the 
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field  reduces  the  diameter  of  the  field  lens.  The  optimum  location  for  the  field  lens 
is  at  the  focal  plane,  where  its  diameter  is  minimized  practical  considerations  of 
interference  with  the  reticle,  or  of  the  effects  of  small  imperfections  in  the  field  lens 
upon  system  performance,  usually  enforce  a  compromise  location.  The  illumination 
at  the  detector  under  these  conditions  is  now  identical  to  that  at  the  aperture  of  the 
objective.  If  there  is  no  vignetting,  a  point  image  may  be  moved  all  over  the  field  of 
view  without  affecting  the  intensity  or  distribution  of  the  illumination  at  the  detector. 

Usually  the  objective  aperture  is  circular  and  the  detector  is  square,  if  the  detec¬ 
tor’s  signal-to-noise  ratio  varies  inversely  with  the  square  root  of  its  area,  or  directly 
as  iVUt),  o’d  if  the  optical  limit  of  Eq.  (10-11  and  10-12)  has  been  attained  with  the 
image  of  the  abjective  aperture  forming  a  circle  of  illumination  inscribed  within  the 
square  detector,  the  detector  can  be  reduced  in  size.  A  loss  of  only  10%  in  SIN  occurs 
if  the  detector  is  i  nduced  in  size  until  its  square  is  inscribed  in  the  illumination  circle 

The  field  lens  is  o  "signed  to  minimize  aberrations  and  place  the  maximur.  amount 
of  energy  on  .he  detector.  The  technique  is  to  consider  the  field  lens  as  an  ’mage- 
forming  system  in  itsetf,  ard  to  evaluate  (by  ray  tracing  or  third-order  contributions) 
the  quality  of  the  image  of  tie  objective  aperture  which  it  forms.  When  high  relative 
apertures  are  required  o<  .he  field  lens,  the  requirements  for  correction  of  coma,  and 
to  a  lesser  extent  spherical  aberration,  usually  lead  to  a  two-  (or  more)  element  system, 
as  shown  in  Fig.  10-13.  The  first  element  is  often  planoconvex  and  the  second  a  menis¬ 
cus  in  a  shape  to  minimize  aberration  and  optimize  the  energy  delivered  to  the  detector. 


Fig  tO- 13.  Section  through  typical  field  leng 
used  with  infrared  detectors. 


10.2.3.  Light  Pipes  (Cone  Channel  Condensers)  [8,9].  A  light  pipe  is  a  hollow 
(or  solid)  truncated  cone  (or  pyramid),  with  highly  reflecting  walls,  which  collects 
light  at  its  receiving  end  and  channels  it  by  successive  reflections  to  the  other  end, 
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at  which  a  detector  is  usually  located.  It  serves  the  same  function  as  a  field  lens 
and  is  subject  to  the  same  optical  limitations  on  the  relationship  among  system  aper¬ 
ture,  detector  size,  an-4  system  field  of  view  (Eq.  10-7  through  10-12).  A  completely 
reflecting  (hollow)  light  pipe  can  be  constructed  for  situations  where  there  is  no  suitable 
refracting  material.  Such  a  light  pipe  "scrambles”  the  imager'  between  detector 
and  objective  aperture. 

Figure  10-14  shows  a  section  of  a  typical  light  pipe  and  the  path  of  a  ray  through  the 
pipe.  Ordinarily  the  detector  is  located  at  the  smaller  end  of  the  pipe  and  the  image 
plane  of  the  system  is  located  near  the  large  end. 


Fig.  10-14.  Section  through  light  pipe,  with  path 
of  ray  showing  pipe  function 


Figure  10-15  shows  the  construction  used  for  tracing  the  path  of  a  ray  through  a 
light  pipe.  Si  and  S2  are  the  upper  and  lower  sides  of  the  pipe,  respectively.  Since 
the  image  from  a  plane  reflecting  surface  is  located  an  equal  distance  behind  the  sur¬ 
face,  the  image  of  S2  in  Si  is  a  line  through  the  intersection  of  and  S2,  making  the 
same  angle  (a)  to  S ,  that  S2  does.  Subsequent  reflected  images  of  the  sides  are  similarly 
constructed.  Then  a  meridional  ray  through  the  system  can  be  represented  by  a 
straight  line,  and  the  intersections  of  the  line  with  the  images  or  the  surfaces  are 
the  locations  of  the  reflections  of  the  ray.  In  Fig.  10-15  the  ray  AB,  which  is  shown 
by  the  straight  line  AB',  emerges  from  the  pipe  after  three  reflections.  The  ray  rep¬ 
resented  by  AC,  however,  never  reaches  the  small  end  of  the  pipe.  It  is  turned  around 
and  eventually  emerges  from  the  large  end  of  the  pipe.  The  limiting  case  is  a  ray 
tangent  to  circle  FG,  which  is  the  locus  of  the  reflected  images  of  the  exit  window  of 
the  pipe. 


Fig.  10-15.  Graphic  ray  tracing  through  light  pipe. 
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If  the  large  end  of  the  pipe  represents  the  field  stop  of  an  objective  system  and  the 
small  end  the  detector  siz^,  the  minimum  detector  size  is  given  by 

D  mi*  =  a  A  (10-17) 

If  x  is  the  length  of  the  light  pipe,  c  the  radius  of  the  detector,  and  s  the  radius  of  the 
large  end  of  the  pipe, 


_  c  s  cos  a _ 

s  < cis )  —  sin  a 

There  are  a  number  of  limitations  on  solid  light  pipes.  If  the  sides  of  the  pipe  are 
made  reflecting  and  the  detector  is  in  optical  contacc  with  the  pipe  (and  of  the  same  or 
higher  index),  the  situation  is  much  the  same  as  that  described  above  except  that  the 
rays  are  refracted  toward  the  pipe  axis  upon  passing  through  the  entrance  face.  This 
increases  the  acceptance  angle  of  the  pipe  by  a  factor  equal  to  the  index  n,  and  the 
limiting  size  of  the  detector  becomes 

Dm(n  =  aAln  (10-18) 

Some  solid  pipes  are  made  without  any  reflecting  coating,  and  operate  on  the  basis 
of  total  internal  reflection.  Total  internal  reflection  (T.I.R.)  occurs  when  light  passes 
from  a  medium  of  higher  index  to  a  medium  of  lower  index  at  an  angle  of  incidence 
such  that  the  angle  of  refraction  is  90° . 

Figure  10-15  shows  that  the  angle  of  incidence  decreases  as  the  ray  passes  down  the 
pipe,  thus  establishing  a  limiting  length  on  the  pipe  under  these  conditions.  A  con¬ 
struction  similar  to  that  of  Fig.  10-15  can  bvs  made,  except  that  at  each  surface  the 
critical  angle  must  not  be  exceeded.  This  limits  the  maximum  acceptance  angle  to 

arc  sin  t(n,/’*) *  l],,!: 

Another  limit  for  solid  pipes  occurs  if  the  detector  is  not  in  contact  with  the  end  of 
the  pipe,  or  if  the  detector  or  its  coverplate  have  *  lower  index  than  the  pipe.  Under 
these  circumstances  T.I.R.  can  occur  at  the  end  face  of  tht  pipe  and  prevent  the  light 
from  leaving  the  pipe. 

The  transmission  efficiency  of  a  light  pipe  is  a  function  of  the  reflectivity  of  the 
surfaces,  and  if  the  pipe  is  solid,  of  the  transmission  of  the  material  used.  For  merid¬ 
ional  rays  (as  in  Fig.  10-15)  it  is  simple  to  determine  the  path  length  through  the 
medium  and  the  number  of  reflections  for  any  given  ray.  The  path  length  d  is  given  by 

(n  V'11 

1  ~  ~  sin*  9j  (10-19) 


where  0  =  angle  of  incidence  on  front  surface.  The  transmission  is  given  by 

—  p'.)e  «rf  (10-20) 

where  p  =  measured  reflectance  of  the  sides  of  the  pipe;  m,  the  number  of  reflections, 
is  given  by 

_ _ nL  sin  6 _ 

m  2r(n'*  —  n*  sin*  0!,,, 


and  r  =  radius  of  pipe. 

Light  pipes  arc  made  in  the  form  of  truncated  cones,  cylinders,  and  pyramids  (com¬ 
monly  four  sided).  Figure  10-15  shows  that  from  point  A  one  sees  a  mosaic  of  reflected 
images  of  the  detector  laid  on  a  spherical  surface  about  point  E.  The  light  is  "scram¬ 
bled"  or  "folded”  over  the  detector  surface  and,  if  there  is  a  reflection  loss  at  the  surfaces, 
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provides  a  ready  method  of  visualizing  the  decreased  effective  sensitivity  at  the  edges 
of  the  detector  mosaic.  When  the  light  pipe  is  conical,  the  analysis  is  more  complex, 
because  the  first-order  reflected  images  of  the  detector  will  blend  into  a  single  annular 
image,  and  each  of  the  higher-order  images  forms  its  own  annulus. 

When  a  light  pipe  is  designed,  convenient  length  and  a  detector  size  within  the  limits 
of  Eq.  (10-12)  and  (10-18)  are  chosen.  A  drawing  of  the  system,  in  the  manner  of 
Fig.  10-15,  is  made,  and  a  set  of  "typical”  rays  (usually  the  full  aperture  rays  to  an 
on-axis  point  and  to  a  point  at  the  extreme  edge  of  the  field)  are  drawn  in.  These  rays 
are  examined  and  adjusted  for  tho  limitations  described  above.  The  longer  the  light 
pipe,  the  greater  the  number  of  reflections  and  the  greater  the  transmiscion  path  if 
the  pipe  is  solid. 

10.2  *.  Immersion  Lenses.  The  immersion  lens  is  used  to  decrease  the  detector 
size  to  obtain  increased  detector  signal-to-noise  ratios.  The  aplanatic  surface  described 
in  Sec.  10.1.3.1.  is  used  for  this  purpose. 

10.2.4.1.  The  Hemispherical  Immersion  Lens.  The  immersion  lens  with  greatest 
applicability  is  the  hemispherical  element  with  the  detector  located  at  the  center 
of  curvature  (see  Fig.  10-16).  In  an  optical  system  with  the  detector  located  either  at 
the  focus  of  the  primary  system  (objective)  or  at  the  image  of  the  objective  aperture 
formed  by  a  field  lens,  the  energy  focused  on  the  detector  converges  with  a  half-angle 
u  and  the  detector  size  corresponds  to  h.  the  maximum  height  of  the  image.  Since 
this  image  is  formed  in  air  of  index  1.0,  the  Lagrangian  invariant  is  hu  (Eq.  9-6). 
If  a  hemispherical  lens  is  inserted  in  the  system  with  its  center  of  curvature  at  the 
focus  of  the  rays,  the  convergence  angle  is  not  changed  (since  the  rays  of  the  axial 
cone  strike  the  surface  normally),  and  the  Lagrangian  invariant  is 

h'  n'  u' ,  which  then  is  the  same  as  h  ' n‘u  (10-21) 

Since  the  invariant  for  the  image  in  air  must  equal  that  for  the  image  in  the  immersion 
lens,  the  two  may  be  equated  to  yield 

h'  ~  h/n'  (10-22) 

This  usage  of  the  hemispherical  surface  corresponds  to  case  b  of  Sec.  10.1.3.1. 

Design.  To  design  an  immersion  lens,  a  diameter  for  the  lens  is  selected  larger  than 
the  unimmersed  detector  size  and  a  few  rays  are  traced  from  the  primary  optical  system 
directed  toward  the  edge  of  the  field.  The  focus  of  these  rays  is  examined  to  locate 
the  optimum  position  for  the  detector.  If  the  angles  at  which  the  rays  strike  the  sur¬ 
face  of  the  immersion  element  are  large,  the  loss  due  te  -eflection  may  be  too  great. 
These  angles  may  be  reduced  by  increasing  the  radius  of  the  immersion  element. 
The  radius  used  for  an  immersion  element  is  usually  a  compromise  among  the  desire 
for  reasonable  incidence  angles,  the  space  available  for  the  element,  and  the  rela¬ 
tively  high  costa  of  the  material  for  immersion  lenses. 

Imn^ersion.  To  obtain  the  fullest  gain  from  an  immersion  lens,  the  dtieevor  must 
be  in  optical  contact  with  the  plane  surface.  Some  detectors  can  be  deposited  directly 
on  this  surface  if  the  lens  is  made  of  a  material  compatible  with  the  electrical  and 
mechanical  characteristics  of  the  detectoi.  If  the  detector  index  is  higher  than  that 
of  the  immersion  ’  *ns,  the  situation  is  ideal.  If  the  detector  index  happens  to  be  lower 
than  that  of  the  iens,  or  if  there  is  a  layer  of  air,  or  cement,  or  a  low-index  cover  plate 
between  the  lens  and  the  detectoi:,  then  total  internal  reflection  can  occur  at  the  inter¬ 
face  where  (£e  light  travels  from  high  index  to  low.  Since  high -efficiency  systems  must 
operate  witlt^bigh  convergence  tingles  at  the  detector,  the  angles  of  incidence  at.  these 
interfaces  are  often  very  large  and  T.I.R.  is  a  problem  unless  the  detector  is  truly 
immersed. 
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Primary  System  (or  Field  Lens) 


Size  of  Detector 
Necessary  without 
Immersion 


Fig.  10-16  Function  of  hemispherical  immersion  lens  in  reducing  the 
size  of  the  detector  necessary’  to  cover  a  given  aperture  or  field  of  viev\ 


10.2.4.2.  The  ~ Aplanatic ”  Immersion  L°ns.  Case  c  of  paragraph  10  1.3.1.  pro¬ 
vides  another  possible  suiface  for  use  in  an  immersion  lens,  since  the  "aplanatic” 
surface  may  be  inserted  into  a  convergent  beam  without  introducing  aberration,  just 
like  the  concentric  surface  of  *he  hemispherical  lens.  As  shown  in  Fig.  10-17,  the 
use  of  this  type  of  lens  is  limited  co  low-aperture  systems. 

10.3.  Refracting  Objectives 

10.3.1.  The  Single-Element  Objective.  A  single  refracting  element  usually  forms 
a  very  imperfect  image.  Chromatic  aberration  spreads  out  the  image,  and  unless 
expensive  aspheric  surfaces  are  used,  there  is  spherical  aberration.  Because  the  image 
quality  required  of  many  infrared  systems  is  relatively  poor,  the  simplicity  and  economy 
of  a  single  spherical  lens  make  it  useful. 

The  image  quality  of  a  single  element  can  be  estimated  from  the  thin-lens  contri¬ 
bution  equations  of  Sec.  9.6.3  (Figures  10-35  thiough  10-41,  except  Fig.  10-36,  allow 
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"Aplanatic"  Immersion  Lens 


Limit  of  Cone 
Accepted  by 
"Aplanatic” 
Immersion 
Lens 


Fecal  Point  of  Objective 


Hollow  Cone  of  Energy  Which  Is  Not 
Collected 


Fic.  10-17.  Construction  of  "aplanatic”  immersion  lens  showing  how 
the  acceptance  angle  is  severely  limited  even  for  a  zero  angle  field  of 
view  system,  shown  for  n  —  3.5  anc  an  fiO.ft  beam. 

estimation  of  the  angular  blur  produced  by  a  single  element.)  It  is  possible  to  deter¬ 
mine  the  size  of  the  blur  spot  due  to  spherical  aberration  from  Fig.  10-18.  Each  line 
on  the  plot  represents  an  index  of  refraction.  The  x  axis  is  the  shape  of  the  element, 
and  the  y  axis  is  the  size  of  the  angular  blur  spot.  To  determine  the  spherical  blur, 
one  locates  the  proper  refractive  index  line  and  finds  the  point  on  the  line  correspond¬ 
ing  to  the  shape  factor  (if)  of  the  lens.  The  shape  factor  is  giver,  by 

K  -  Ci/(c,  —  c>)  (10-23) 

where  Ci  and  Cj  =  the  curvatures  (or  reciprocal  radii)  of  the  surfaces  of  the  lenses. 
The  blur  factor  is  then  read  from  the  y  axis.  To  convert  this  to  angular  blur  in  radia.ts, 
multiply  by  y3<f.3,  where  y  is  the  semi-aperture  of  the  lens  and  is  the  power  or  recip¬ 
rocal  focal  length.  The  chart  is  derived  from  the  equation  for  the  third-order  spherical 
aberration  of  a  thin  lens  presented  in  Sec.  9.6.2,  and  applies  to  lenses  'with  the  object 
at  infinity.  The  chart  can  be  used  for  finite  conjugates  by  splitting  the  lens  into  two 
portions  (each  of  which  is  working  at  infinity)  and  adding  the  angular  blur  of  both 
parts  to  get  the  final  blur. 

To  estimate  chromatic  blar,  the  index  of  refraction  of  the  lens  material  is  deter¬ 
mined  for  the  extreme  wavelengths  of  the  spectral  range  over  which  the  system  is  to 
be  used.  Divide  their  difference  (nr  —  nr)  into  the  median  index  minus  one  to  get 
the  V  value: 

V  =  (n  —  1  )/(n,  —  nr)  (10-24) 
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Fig.  10-18.  Angular  olu'  of  simple  lens  as  function  of  shape 
for  various  indicts  of  rtf-* cti  jn. 


Then  for  a  lens  at  infinity  the  longitudinal  chromatic  aberra  on  is 

LchC  =  flv  (10-25) 

and  the  angular  chromatic  blur  is 

^Ch  =  2{ fl no) f~  2V(/7no)  (l0'26) 

10.3.2.  Aehromats.  Refer  to  Sec.  9.8. 

10.3.3.  Combinations  of  Several  Thin  Single  Elements.  The  use  of  a  series  of 
thin  elements  as  shown  in  Fig.  10-19  makes  it  possible  to  reduce  the  spherical  aber¬ 
ration  of  a  refracting  lens,  although  the  chromatic  aberration  remains  the  same  as 
for  a  single  element. 


REFLECTING  OBJECTIVES 


437 


Fig.  1L-19.  Series  o*  *hin  spherical  lenses,  each  shaped 
to  minimize  spherical  aberration.  Ac  an  index  of  1.75 
this  three-element  system  car  be  designed  to  be  com¬ 
pletely  free  of  spherical  aberration. 


If  a  set  of  elements  with  object  at  infinity  is  to  have  a  total  power  <t>,  and  each  element 
of  the  set  is  bent  to  the  shape  for  minimum  spherical  aberration,  then  the  longitudinal 
spherical  aberration  of  the  set  is  given  by 

j-i 

SC  =  2  SCj  (10-27) 


or  ~  r*<M[4n-l  ~  4,/Q  -  l)(n  -  l)r] 

J  8i3(n  -  l)l(  n  +  2) 

where  i  =  the  number  of  elements  in  the  set 
Y  =  the  ray  height  at  all  elements 
<f>i  —  the  power  of  each  element 
n  ~  the  index  of  the  elements 
j  •■=  the  element  number 


(10-28) 


Equation  (10-28)  has  been  worked  out  for  t  =  1,  2,  3,  and  4  and  is  presented  in  Fig. 
10-20.  To  use  the  graph,  the  number  of  elements  i  and  the  index  n  are  determined. 
The  intersection  of  the  i  line  end  the  n  coordinate  extended  to  the  y  axis  indicates 
either  the  longitudinal  spherical  or  the  angular  diameter  of  the  blur  spot. 

To  fabricate  such  a  system  Lie  radii  must  then  be  selected  so  that  each  element  is 
bent  to  minimize  its  spherical  aberration  contribution.  This  can  be  done  with  Eq. 
(9-215)  and  also  Eq.  (9-203),  (9-204),  (9-2u5),  (9-200),  and  (9-226). 

It  is  practical  to  use  these  systems  at  finite  conjugates  by  arranging  two  such  systems 
(of  appropriate  focal  lengths)  facing  each  other  with  parallel  light  between  them,  as 
shown  in  Fig.  10-21. 

10.**.  Reflecting  Objectives 

The  pure  reflecting  objective  is  completely  free  of  chromatic  aberration  and  has 
no  transmission  looses.  A  reflector  surface  is  usually  coated  with  a  thin  evaporated 
aluminum  film,  which  has  an  excellent  udrared  reflectance  and  which  in  itself  is  dura¬ 
ble.  Other  materials  are  occasionally  used  for  reflecting  films. 

10.4.1.  The  Spherical  Reflector.  The  simple  spherical  reflecto**  is  a  useful  infrared 
device.  It  is  simple,  inexpensive,  and  easy  to  align  and  mount.  When  used  with  an 
aperture  stop  at  its  center  of  curvature,  it  has  only  spherical  aLcrration.  Figure 
10-22  illustrates  tuis  usage  of  a  spherical  mirror.  When  the  stop  is  at  the  center  of 
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Fig.  1C- 20.  Thin  lens  aberration  of  i  thin  elements  of  index  n,  each  element 
bent  for  minimum  spherical  aberration. 


Fig.  10-21.  Minimum  spherical  elements  as  relay  system. 

For  smaller  fields,  the  image  quality  of  this  type  of  system  is 
limited  only  by  chromatic  aher  ‘ion,  since  spherical  aber¬ 
ration  is  eliminated  and  coma  is  very  small. 

curvature,  any  principal  ray  (through  the  center  of  the  stop)  may  be  considered  an  axis 
of  the  system.  Thus  the  image  quality  for  any  field  of  view  is  almost  the  same  as  the 
on-axis  image  quality.  The  image  surface  is  a  sphere  with  a  radius  approximately 
one-half  of  the  mirror  radius  and  concentric  with  the  mirror. 

The  aberrations  of  a  spherical  mirror  can  be  estimated  by  the  third-order  surface- 
contribution  equations  of  Sec.  9.6.2  By  setting  n  =  1.0  and  n'  —  -1.0,  the  following 
expressions  can  be  obtained  for  the  third-order  aberrations  of  a  sphere  with  object  at 
infinity 

Spherical: 

SC  —  y2l4r  (10-29) 


Sagittal  coma: 


CC*  -  jHlP  -  r)Up*i2r* 


(10-30) 
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Spherical 


Fig.  10-22.  Spherical  reflector  with  stop  at  center  of 
curvature.  In  this  arrangement  the  mirror  has  no  coma 
or  astigmatism  and  the  focal  surface  is  a  sphere  if  radius 
rj 2  about  the  center  of  curvature.  Only  spherical  aber¬ 
ration  limits  the  image  quality. 


Astigmatism: 

AC*  -  (lp  -  r)*up*/4r  (10-31) 

Petzval  curvature: 

PC  =  u,rri  4  (10-32) 

where  y  =  the  height  of  the  axial  ray  from  the  axis 
r  =  the  radius  of  the  sphere 
I,,  —  the  distance  from  sphere  to  the  stop 
Up  —  the  slope  of  the  principal  ray 
*  =  new  third-order  coefficient 

Note  that,  if  the  stop  is  placed  at  the  center  of  curvature,  r=lp,  AC*= 0.  and  CC*  =  0. 
If  the  stop  is  placed  at  the  mirror,  however,  lp  —  0  and  Eq.  (10-30)  and  (10-31)  reduce  to 
Sagittal  coma. 

CC  =  -yliip!^r  (10-33) 

Astigmatism: 

AC  =  -rup*l  4  MO-34) 

The  sagittal  and  tangential  field  curvature  can  be  obtained  from 


X,  =  PC  4- 


AC  = 


Up'r  up » lp 

2  4 


(10-35) 


X,  =  PC  +  3  AC  =  +|u,*/„(  7-2) 


(10-36) 


=  Up'r  if  lp  =  0 
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Where  the  sphere  is  used  at  finhe  conjugates  the  following  expression  is  useful: 

SC  ~  (m  —  l)ty1/4r  (10-37) 


where  in  b  the  magni^cation, 

k'  V  u 
m  =  —  •-=  r  -  — 

h  l  u 

10.4.2.  The  Parabolic  deflector.  Foi  distant  objects  located  on  the  optical  axis, 
a  paraboloid  is  completely  free  of  aberrations  ari  its  image  quality  is  diffraction  lim¬ 
ited.  The  axial  image  of  a  perfectly  made  parabola  is  an  airy  disc  as  described  in  Sec. 
9.9.  The  paraboloid  is  used  in  many  infrared  systems  requiring  good  image  quality 
over  a  very  small  field. 

Off  axis  the  paraboloid  has  the  same  amount  of  coma  and  astigmatism  as  r  spherical 
mirror  when  the  stop  is  at  the  mirror  (in  both  cases).  The  stop  shift  theory  of  Sec. 
9.6.3  indicates  that,  because  there  is  no  spherical  aberration,  coma  will  not  change 
as  the  stop  i3  moved.  Thus  for  all  stop  positions  the  coma  of  a  paraboloid  is  gh'en  by 

CC*  —  y*  Up/4/'  (10-38) 

Since  a  paraboloid  has  coma,  the  astigmatism  will  vary  with  stop  position.  The  astig¬ 
matism  with  the  stop  at  the  mirror  is  given  by 

AC  =  -fu„tl2  (10-39) 

and  dreps  to  zero  when  the  stop  is  at  the  focal  plane  position  (lp  =  f).  The  Petzval  sur¬ 
face  is  the  same  as  that  of  a  sphere.  Thus  with  the  aperture  at  the  focal  plcne,  both  <s 
and  t  foci  lie  on  a  spherical  surface  of  radius  f. 

A  high  quality  paraboloid  may  be  an  order  of  magnitude  more  coctly  than  that  of 
an  equivalent  spherical  surface,  which  is  often  of  much  better  optical  accuracy'.  Deep 
paraboloids  are  especially  difficult  to  fabricate  precisely.  Before  specifying  a  parab¬ 
oloid  for  a  system,  one  must  investigate  whether  n  spherical  surface  will  mjet  the 
requirements  of  the  system 

The  optical  collimator  produces  a  source  of  radiation  which  appears  to  be  at  infinity, 
so  that  rays  from  any  given  point  of  the  souice  are  parallel  to  each  other.  The  prime 
purpose  for  most  collimators  is  the  testing  of  other  optical  systems,  and  thus  their 
optical  quality  must  be  supobor  to  the  device  being  tested.  Since  a  oaraboloid  has 
no  aberrations  ( when  used  on  axis),  it  is  an  ideal  objective  for  use  in  an  infrared  col- 
lirr  .tor.  To  avoid  obscuration  of  the  central  portion  of  the  collimated  beam  by  the 
light  source,  the  aperture  of  the  collimator  is  often  decentered  from  the  paraboloid 
axis,  resulting  in  the  so-called  off-axis  paraboloid  as  illustrated  in  Fig  JO-23. 


Fig.  10-22.  Typical  infra’-ed  collimator  with  paraboloid 
reflector  objective,  showing  use  of  off-axis  aperture. 
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10.4.3.  Other  Conics:  The  Ellipsoid  and  Hyperboloid.  In  the  ellipsoid  and  the 
hyperboloid,  rays  directed  toward,  or  emerging  from,  one  focus,  are  reflected  toward 
the  other  without  spherical  aberration.  Thu  .  the  sphere  has  perfect  imagery  of  points 
at  its  center,  which  is  thu  locus  of  both  foci.  At  the  other  extr-  ~ie,  the  paraboloid 
has  perfect  imagery  between  a  focus  at  inf  nity  and  the  point  usually  thought  of  as  its 
focus  The  ellipso'd  and  the  hyperboloid  image  from  one  focus  to  the  other  Both, 
however,  have  large  amounts  of  coma  so  that  they  cannot  be  used  10  form  good  images 
of  extended  objects. 

The  fabrication  costs  discussed  in  Sec.  10.4.2.  are  even  more  applicable  to  the  ellip¬ 
soid  and  hyperbolo’d,  as  is  the  advisability  of  considering  the  substitution  of  a  spherical 
surface  whenever  possible. 

10.4.4.  Compound,  or  Double.  Reflecting  Systems.  In  many  applications  the 
location  of  the  image  plane  in  the  path  of  the  incoming  rays  is  inconvenient.  Thus 
a  great  number  of  objective  systems  1  ave  been  devised  to  get  around  this  difficulty  by 
inserting  a  second  mirror  to  place  the  focus  to  one  side  of  the  incoming  radiation  or 
behind  the  primary  mirror. 

10.4.4.1.  The  Neuttonian  Telescope.  The  basic  system  used  for  most  small  astronom¬ 
ical  reflecting  telescopes  is  a  plane  mirror  located  near  the  focus  of  the  primary  mirror 
(conventionally  a  paraboloid)  and  at  45°  to  the  optical  axis  so  that  the  focus  ;s  located 
immediately  outside  the  incoming  bean  ,  as  shown  in  Fig  10-24. 


10.4.4.2.  The  Folded  Reflector.  The  system  shown  in  Fig.  10-25  is  the  simplest 
way  of  locating  the  focal  point  behind  the  primary.  A  plane  mirror,  perpendicular 
to  the  axis  and  lying  between  the  primary  and  its  image  reverses  the  direction  of  the 
light,  so  that  it  passes  through  the  central  ho'e  cut  in  the  primary.  This  places  the  focal 
point  beyond  the  mirror  where  it  is  more  accessible.  However,  this  mirror  obscures 
at  least  hull"  the  aperturv 


Kio.  10-25.  Folded  reflector. 
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10.4.4.3.  The  Cassegrainian  Objective.  li  the  secondary  mirror  of  Fig.  10-25  is  made 
convex,  the  focal  length  of  the  objective  is  increased,  and  the  obscuration  of  the  beam 
by  the  secondary  mirror  is  reduced.  Figure  10-26  shows  a  typical  Cassegrain. 

The  original  Cassegrainian  objective  had  a  paraboloid  for  the  primary  and  a  hyper¬ 
boloid  for  the  secondary.  Both  were  used  in  such  a  way  that  the  image  formed  by  each 
was  free  of  spherical  aberration  (see  Sec.  10.4.3).  The  Cassegrain  is  widely  used  in 
infrared  work  because  of  the  accessibility  of  its  focal  point  and  its  relatively  low  obscu¬ 
ration  ratio.  By  proper  selection  of  "radii,”  the  Petzval  surface  can  be  made  flat 


Convex  Secondary  Concave  Primary 


10.4.4.4.  The  Gregorian  Telescope.  The  original  Gregorian  objective  consisted  of 
parabolic  primary  mirror  and  an  elliptical  secondary  which  was  placed  beyond  the 
focus  of  the  primary  mirror  so  tha*  its  "object  and  image  were  located  at  the  foci  of 
the  ellipse.  Thus,  there  is  a  real  internal  image  in  the  Gregorian,  and  thr  final  image 
is  erect,  as  shown  in  Fig.  10-27. 

The  Gregorian  is  rarely  used  because  it  is  a  longer  system  than  the  Cassegrainian 
and  offers  no  compensating  advantages. 


Fit..  10-27.  Gregorian  telescope. 

10.4.4.5.  Baffling  of  Folded  Systems.  All  folded  systems  must  be  baffled  to  prevent 
extraneous  radiation  from  flooding  the  focal  plane.  In  systems  which  require  a  large 
field  coverage  and  high  relative  apeiture,  complete  baffling  is  complex,  and  in  extreme 
cuses  may  be  nearly  impossible. 

Figure  10-28'  a)  shows  a  typical  Cassegrainian  objective.  The  useful  rays  are  drawn 
as  solid  lines  The  dashed  lines  indicate  the  path  of  undesired  radiation  which  passes 
through  the  system  without  striking  either  mirror  and  which  can  flood  a  focal  plane 
detector  with  stray  light.  The  placement  of  baffles  and  sunshades  in  such  a  syst- 
to  cut  off  stray  light  is  shown  in  Fig.  10-28(6). 


CaTADIOPTRIC  objectives 


4.3 


>'a) 


Fig.  10-28.  Folded  systems  (a)  before  baffling,  ib)  after  baffling 

A  field  lens  that  is  carefully  designed  to  image  the  secondary  mirror  (and  nothing 
more)  on  the  detector  surface  will  also  eliminate  the  stray  radiation.  However,  its 
material  may  absorb  (or  reflect)  a  portion  of  the  desired  radiation,  and  secondary  sur¬ 
face  reflections  of  the  stray  radiation  may  still  get  to  the  detector.  Where  possible, 
the  field  lens  plus  baffles  make  a  strong  combination. 

10.5.  Catadioptric  Objectives 

A  catadioptric  objective  combines  reflecting  and  refracting  elements.  The  systems 
which  are  most  widely  used  in  infrared  work  are  those  with  relatively  thin  refracting 
components,  because  these  absorb  the  least  energy,  and,  in  general,  have  the  least 
chromatic  aberration. 

10.5.1.  The  Schmidt  System.  The  Schmidt  objective  combines  the  advantages 
of  the  sphere  and  the  paraboloid.  As  shown  Fig.  10-29,  it  consists  of  an  aspheric 
corrector  plate  at  the  center  of  curvature  of  a  spherical  mirror.  The  surface  of  the  cor¬ 
rector  is  shaped  to  compensate  for  the  spherical  aberration  of  the  reflector.  The 
corrector  is  located  at  th?  ''enter  of  curvature,  as  is  the  aperture  stop,  so  that  the  system 
is  free  of  corn's  «.rd  astigmatism  as  well. 

Aspheric  surfaces  most  often  chosen  are  those  which  have  their  minimum  thickness 
at  the  0.707  or  0.866  zone  (of  the  marginal  ray  height)  depending  on  whether  i*  is 
desired  to  minimize  chromatic  aberration  or  optimize  the  off-axis  correction. 

The  Schmidt  system  does  not  achieve  perfect  imagery  because  the  off-axis  ray  oundh  s 
do  not  strike  the  corrector  at  the  same  angle  as  the  on-axis  bundles.  The  effect  produced 
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Spherical 

Aspheric  Reflector 


Fig.  10-29.  Schmidt  system. 


is  to  increase  the  effect  of  the  corrector,  producing  an  overcorrected  condition  off  axis. 
(The  effect  of  this  on  the  angular  resolution  can  be  estimated  from  Fig.  10-39  and  Eq. 
10-51.)  The  Schmidt  performance  may  he  improved  scmewhat  by  one  or  more  of  the 
following  techniques: 

1.  Incompletely  correcting  the  axial  image  to  reduce  the  overcorrection  off  axis. 

2.  Using  a  slightly  aspheric  primary  miror  to  reduce  the  correction  load  on,  and 
thus  the  overcorrection  introduced  by,  the  corrector. 

3.  "Bending"  the  corrector  slightly. 

4.  Using  more  than  one  corrector. 

5.  Using  an  achromatized  corrector. 

The  aspheric  corrector  of  the  Schmidt  system  is  usually  easier  to  fabricate  than  the 
aspheric  surface  of  the  paraboloid.  This  is  true  because  the  index  difference  across 
the  corrector,  which  is  usually  glass,  is  only  0.5  compared  to  the  effective  index  dif¬ 
ference  of  2.0  across  the  reflecting  surface  of  the  paraboloid,  making  it  only  one-fourth 
as  sensitive  to  faorication  errors.  Linfoor.  fl0|  and  Bouwers  [11]  have  published  con¬ 
siderable  information  about  the  design  arid  performance  of  the  Schmidt  system. 

10.5.2.  The  Mangin  Mirror.  In  the  Mangin  mirror.  Fig.  10-30(a),  the  spherical 
aberration  is  corrected  by  the  introduction  of  a  negative  lens  element  in  contact  with 
the  reflector.  For  large  r  dative  apertures  the  marginal  spherical  aberration  can  be 
corrected,  but  a  residual  remains.  A  large  penalty  is  paid  in  the  form  of  the  chromatic 
aberration  introduced  by  the  negative  refracting  element.  The  Mangin  mirror  is, 
however,  relatively  inexpensive  to  fabricate  and  simple  to  mount. 

Figure  10-3Q(  b) shows  a  system  with  a  secondary  Mangin  mirror,  in  a  sort  of  Cas- 
segrainian  arrangement.  This  can  be  used  with  a  Mangin  primary  to  reduc*  tne 
residual  spherical  aberration,  or  with  a  spherical  primary  to  reduce  the  cost  and  weight 
of  the  system.  The  secondary  may  be  designed  to  be  the  "power  equivalent”  of  a  con¬ 
vex,  concave,  or  plane  mirror. 

The  Mangin  num.  •  may  be  achromatized  by  making  the  negative  element  an  achro¬ 
matic  doublet.  Section  10.6  indicates  the  image  quality  of  the  basic  Mangin  mirro". 
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10.5.3.  The  Bouwers  (Maksutov)  Objective  111].  The  principle  of  correcting 
the  aberration  of  a  spherical  mirror  with  a  negative  power-refracting  element  is  fur¬ 
ther  refined  in  the  Bouwers  system.  By  moving  the  corrector  away  from  the  mirror, 
it  is  possible  to  use  two  degrees  of  freedom  (shape  and  position)  to  make  a  radical 
improvement  over  the  Mangin  mirror. 

Figure  -.0-31  illustrates  the  concentric  system  of  Bouwers,  in  which  the  corrector 
is  placed  well  away  from  the  mirror  and  all  radii  are  concentric.  This  system  has 
the  same  advantages  as  the  simple  sphere  with  its  stop  at  the  center  of  curvature, 
in  that  the  image  quality  is  the  same  for  all  field  angles.  The  residual  spherical 
aberration  of  this  type  of  system  is  low,  as  is  the  chromatic  aberration,  so  that  an  ex¬ 
cellent  objective  results.  The  design  of  such  a  system  is  easy  and  fast  because  there 


Aperture  Stop 


Fig.  10-31  Bouwers  concentric  system. 


I 


44(5 


OPTICAL  SYSTEMS 


are  only  three  variables:  the  three  radii.  The  technique  is  to  fix  r,  at  an  arbitrary 
value;  then,  for  each  value  chosen  for  r2,  a  value  far  r  can  be  found  for  which  the  mar¬ 
ginal  spherical  aberration  is  zero.  Thus  the  entire  range  of  designs  can  be  surveyed 
quickly,  because  only  a  fev  rays  need  to  be  traced  as  all  points  jf  the  field  have  the 
same  image  quality. 

The  concentric  principle  allows  the  corrector  to  work  identically  in  either  of  two 
positions,  behind  or  before  the  common  center  cf  the  system  as  indicated  in  Fig.  10-31 
by  the  dashed  lines.  In  its  alternate  position  in  front  of  the  common  center,  the  optical 
effects  of  the  correction  are  exactly  the  3ame;  however,  this  position  is  used  when  an 
extremely  high  state  of  correction  is  desired  in  order  to  avoid  interference  between 
corrector  and  focal  plane. 

The  corrector  may  also  be  used  as  the  support  for  a  Cassegrainian  secondary,  as 
shown  in  Fig.  10-32  in  several  different  arrangements. 


Fig.  10-32.  Some  arrangement®  of  Bouwers  systems  as  Cas- 
segrain’an  objectives.  An  arrangement  similar  to  (c)  is  often 
used  in  missile  guidance  su  the  corrector  makes  a  rea¬ 
sonably  aerodynamic  window  or  dome. 

The  basic  Bouwers  system  has  residuals  of  chromatic  and  spherical  aberration, 
which  although  small  are  often  worth  correcting.  The  chromatic  aberration  may  be 
reduced  by  making  the  corrector  a  two-element  component,  with  materials  and  the 
'buried”  surface  chosen  to  achromatize  the  corrector,  as  shown  in  Fig.  JO-33.  The 
residual  spherical  aberration  may  be  eliminated  by  the  use  of  a  Schmidt  tyue  asphenc 
corrector,  located  at  the  common  center  of  the  system.  Since  the  power  of  this  aspheric 
corrector  is  much  iess  than  that  of  a  Schmidt,  its  correction  variation  with  obliquity 
is  correspondingly  less,  and  an  excellent  system  results. 

A  number  of  variations  on  these  principles  have  been  produced,  using  dual  correcto-  •> 
i in  front  and  behind  center),  multiple  aspherics,  and  achromatized  aspherics,  each  of 
which  is  designed  to  improve  still  further  on  this  excellent  system 
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Fic.  10-33.  Bouwers  system  with 
achromatized  corrector  plate. 


One  reason  for  the  popularity  of  the  basic  Bouwere  system,  over  and  above  its  ex¬ 
cellent  performance  and  easy  design,  is  that,  being  composed  entirely  of  spherical 
surfaces,  it  is  relatively  inexpensive  to  make. 

The  arrangement  of  the  Bouwers  with  the  corrector  convex  to  the  incident  radiation 
is  widely  used,  often  with  a  Cassegrainian  secondary  of  one  sore  or  another,  for  infra¬ 
red  missile  guidance  systems.  The  "dome”  formed  by  the  corrector  then  functions  as 
a  window  for  the  system  as  well  as  a  corrector.  The  corrector  need  not  be  concentric 
when  a  large  wei  l-corrected  field  is  not  required.  See  Fig.  10-34. 


10.5.4.  Aberrations  of  a  Plane  Parallel  Plate  in  a  Convergent  Beam.  It  is  often 
necessary  to  insert  a  filter  or  beam  splitter  into  an  optical  system  in  a  location  at 
which  the  beam  is  not  parallel,  usually  to  minimize  the  size  of  the  insert.  Tins  plane 
parallel  plate  in  a  convergent  beam  introduces  aberrations  that  may  significantly 
affect  the  performance  of  the  system.  The  following  expressions  can  be  used  to  evaluate 
the  aberrations  introduced  by  this  plate. 

Spherical  Aberration: 

Third  Order: 


SC  = 


tuMn*  —  1 ) 
2A^ 


(10  40) 
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Trigonometric: 


LA'  =  L'  -  l'  —  — 
n 


n  cos  u 


V  n2  —  sin2  u 


(10-41) 


Astigmatism: 

Third  Order  . 

Coddington: 

/'  —  /'=  — 
1 1 

V 

Coma-Third  Order: 


AC  = 


<«i,2(n2  -  1) 
2^ 


t  r  n2  cos  2  Up 

n2  —  sin2  Up  ~  sin2  Up) 


-  1 


—  0.27t  at  u„  =  45° 


£•£  __ tu2Up(n2  -  1) 


2n3 


Longitudinal  Chromatic-Third  Order: 


n1  n2^ 


(10-42) 

(10-43) 


(10-44) 

(10-45) 


where  r  —  the  thickness  of  the  plate 

n  —  the  index  of  refraction  oi  the  plate 
u  =  the  convergence  angle  of  the  rays  to  the  axis 
u  ti  -  the  tilt  of  the  plate  from  normal  to  the  axis 
V  =  (n  —  1;  'An  —  Abbe  V  number. 


These  equations  are  derived  directly  from  the  surface-contribution  equations  and  the 
ray-tracing  equations  cf  Chapter  9. 

10.6.  Rapid  Estimation  of  Image  Blur  Size  for  Several  Optical  Systems 

The  performance  required  of  an  optical  system  usually  can  be  expressed  in  terms 
of  resolution  or  image  spot  size,  that  is,  the  size  of  the  smallest  blur  of  ight  that  the 
system  is  capable  of  producing  as  the  image  of  an  infinitesimally  small  so.’rce  of  light. 
The  minimum  size  of  the  image  spot  is  determined  either  by  the  siz*  rf  the  system 
aperture  (because  of  the  wave  nacure  of  light)  or  by  design  characteristics  (that  is, 
aberrations)  of  the  optical  system.  The  accompanying  figures  provide  a  convenient 
tool  to  determine  the  limiting  size  of  the  blur  spot  for  diffraction-limited  systems  and 
for  several  specific  optical  systems  which  are  widely  used. 

The  figures  express  the  image  spot  size  in  one  of  two  ways:  as  the  linear  diameter 
(B)  of  the  image  spot,  and  as  the  angular  diameter  (/3V  The  angular  diameter  (3 
is  simply  the  linear  diameter  B  divided  by  the  effective  focal  length  of  the  optical 
system. 

10.6.1.  Diffraction-Limited  Systems.  The  image  size  of  any  optical  system  is 
always  limited  by  the  wavelength  of  the  radiation  involved.  In  a  perfect  system 
(that  is,  one  which  has  no  aberrations  or  defects  of  manufacture)  this  wavelength 
limitation  will  determine  the  minimum  size  of  the  blur  spot  image.  The  Airy  disc, 
as  this  blur  is  called,  takes  the  form  of  a  central  blur  of  light  surrounded  by  alternating 
light  and  dark  rings  of  rapidly  decreasing  intensity.  (See  also  Sec.  9.9.)  The  central 
blur  contains  8491  of  the  energy,  so  that  we  can  consider  the  diameter  of  the  first  dark 
ring  about  this  disc  as  a  conservative  value  of  the  effective  size  of  the  blur  spot.  The 
diameter  of  this  dark  ring  is  given  by  the  expression 

B  =  2.44  A(/7no) 


(10-46) 
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and  the  angular  size  of  the  blur  is  given  by 

ft  —  2  ’  rad  (10-47) 

where  \  =  the  wavelength  of  the  radiation 

ft  no  —  the  relative  aperture  or  speed  of  *he  system  (that  is,  the  ratio  of  focal  length 
to  effective  diameter) 

D  =  the  effective  diameter  of  the  system 

Figure  10-o5  provides  a  rapid  method  of  evaluating  these  expressions  for  the  optical 
systems  shown  in  Fig.  10-36.  Paralleling  the  x  and  y  axes  of  the  chart  are  a  series  of 
spaced  lines  each  labeled  with  a  wavelength  from  0.5  to  32  /a.  At  an  angle  to  the 
wavelength  lines  is  another  set  of  lines.  The  x-axis  set  represents  the  effective  optical 
diameter  in  inches,  the  y-axis  set  represents  the  relative  aperture.  The  intersection 
of  an  angled  line  with  the  appropriate  wavelength  line  indicates  the  size  of  the  min¬ 
imum  blur  for  a  given  system. 

Example  1 

An  opt*cal  system  with  a  focal  length  of  10  in.  and  a  clear  aperture  of  5  in.  working 
at  a  wavelength  of  2  p  is  required.  The  intersection  of  the  5-in. -diameter  line  with 
the  2-/J.  wavelength  line  fa' Is  m  the  abscissa  corresponding  to  an  angular  blur  of 

0,  ANGULAR  BLUR  SPOT  (rad) 


to*3  io‘4  io 


0,  ANGULAR  BLUR  SPOT  (rad) 

Fig.  10-35.  Blur  apot  aize  chart  for  diffraction-limited  avstema. 
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(«'  "R«u-"  Corcentiic  (f)  "Fror.t"  CLncentilc 

Fig.  10-36.  Schematic  sections  of  some 
common  optical  systems. 


3.8  ±  10-5  rad.  The  speed  (relative  aperture)  of  this  system  is  fl2  (10-in.  focal  length 
divided  by  the  5  ;n.  diameter).  The  intersection  of  the  /72  line  with  the  2-,u  line 
falls  on  the  ordinate  corresponding  to  3.8  x  10  4  in. 

Note  that  a  b  ur  spot  diameter  of  3.8  x  10  4  in.  subtends  an  angle  of  3.8  x  JO  3 
rad  from  a  distance  (focal  length)  of  10  in.  The  diagonal  focal-length  lines  of  the 
chart  can  be  used  to  convert  from  linear  blur  diameter  to  angular  blur  diameter 
(and  vice  versa)  by  following  a  .diameter  line  across  to  the  intersection  with  the 
proper  focal  length  line  and  the?  noting  the  angular  size  corresponding  to  the  inter¬ 
section. 

Real  optical  systems  usually  produce  blur  spot  images  which  are  larger  than  the  in¬ 
fraction  limit  described  above.  Larger  blur  spots  may  result  from  aberrations,  that 
is,  the  failure  of  the  optical  systen  to  produce  a  perfect  focus.  In  many  systems,  the 
size  of  the  aberration  blur  spot  can  be  expressed  as  a  function  of  relative  aperture 
if/no)  and  field  of  view  (degrees  off  axis).  The  following  material  represents  formulas 
and  figures  which  permit  rapid  determination  of  the  aberration  blur  characteristics 
of  several  widely  used  systems. 

10.6.2.  Spherical  Reflector.  A  simple  spherical  reflector  (Fig.  10-36a)  with  its 
limiting  aperture  at  the  center  of  curvature  has  only  one  image  defect,  spherical  aber¬ 
ration,  which  is  constant  over  the  entire  field  of  view.  The  minimum  angular  size 
of  the  blur  spot  is  giver,  by 


(3  =  7.8  x  10  3  x  (fj no)  :  rad 


(10-48) 
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p,  ANGULAR  BLUR  SPOT  (rad) 


for  modest  apertures  (for  large  apertures  the  constant  is  somewhat  larger,  for  example, 
9.1  x  10  3  for  /VI).  To  evaluate  this  expression,  locate  the  desired  speed  (Fig.  10-37(A) 
and  read  the  corresponding  angular  blur  (/3)  from  the  abscissa  scale. 

When  the  limiting  aperture  is  not  at  the  center  of  curvature,  coma  and  astigmatism 
are  present  in  the  off-axis  image.  In  a  typical  coma  blur  patch,  most  of  the  energy  is 
contained  in  a  small  triangular  area  which  is  only  one-third  of  the  votal  height  of  the 
full  coma  patch.  (See  Fig.  9-11  for  a  sketch  of  a  typical  coma  patch.)  The  size  of  the 
smail  triangular  (sagittal)  coma  patch  (coma,)  produced  by  a  spherical  reflector  when 
the  aperture  stop  is  at  the  surface  of  the  reflector  is  given  by 

Coma,  p  =  0.0625  x  0{fl no)-*  rad  (10  *y) 

where  0  is  the  angle  (in  radians)  that  the  object  and  image  are  off  ar.is.  To  use  Fig. 
10-3708)  to  determine  sagittal  coma,  select  the  horizontal  line  representing  he  angle 
d  and  locate  the  intersection  with  the  relative  aperture  line;  then  read  up  to  find  ,7. 

The  minimum  blur  produced  by  the  astigmatism  with  the  stop  at  the  reflector  fi  given 
by 

astig.  p  =  0.5  x  t)*  y.  if! no)  '■  rad  (10-50) 

and  Fig.  10-37(0  n  ay  be  used  to  evaluate  this  expression  in  the  same  manner  as  (B). 
Example  2 

Assume  a  spherical  reflector  (step  at  the  reflector)  with  a  10-in.  focal  length, 
5-in.  clear  aperture  (relative  aperture  fi 2)  with  a  field  of  ±  10°  (total  field  20°).  From 
Fig.  10-37,  the  angular  blur  due  to 

spherical  aberration  will  be  1.0  x  10-’  rad 
sagittal  coma  at  10°  will  be  2.7  x  10~J  rad 
astigmatism  at  10°  will  be  7.6  x  10 rad 
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The  interaction  of  the  various  aberrations  is,  in  general,  difficult  to  predict  orecisel 
For  moet  purjjoses,  how  ever,  it  i...  sufficient  to  simply  add  the  blurs  and  accept  the  sun 
as  e.  gcod  indication  of  the  final  image  blur  size.  Thus,  for  this  example,  the  indicatea 
angular  blur  at  the  edge  of  the  field  would  be  about  II  mrad  (11  x  10  3  rad),  about 
ten  times  as  large  as  that  at  the  center  of  the  held. 

If  the  aperture  stop  were  between  the  center  of  curvature  and  the  mirmr,  the  coma 
and  astigmatism  blurs  o>uld  be  approximated  by  interpolation  between  the  zero  va.ue 
obtained  with  the  stop  at  the  center  and  the  values  given  above.  Coma  is  a  linear  func¬ 
tion  of  the  separation  of  stop  and  a  ‘  of  curvature;  astigmatism  is  a  function  of 
the  square  of  this  separtion. 

10.6,1..  Mangin  Mirror,  Tn  -  K  p.  •>-.  mirror  (Fig  10-366)  is  a  second  surfr.ce 
fleeter  whose  redacting  first  ,  used  to  correct  the  spherical  ab3rration  of 

the  reflecting  surface.  The  retraction  introduces  chromatic  aberration,  however, 
and  limits  the  improvement  attainable  by  this  technique.  Figure  10-38  indicates  the 
angular  blur  of  a  Mangin  Mirror  due  to  re  .dual  spherical  aberration  and  chromatic 
aberration.  The  sagittal  coma  blur  of  the  Mangin  is  about  half  that  of  a  similar 
spherical  mirror. 
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F;g  10-J8  Blur  spot  size  chart  for  Mangin  mirrors. 
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Example  3 

Figure  10-38  indicates  that  an  ft 2  Mangin  mirror  has  a  spherical  aberration  blur 
of  1.5  x  10  4  rad  and  a  chromatic  blur  of  about  8  x  10  4  rad,  if  the  material  used 
has  a  V  value  of  100  (see  Sec.  10  6.7  on  refracting  systems  for  definition  of  V  value). 
If  the  system  operated  in  the  near  infrared  (1  to  2.3  u),  the  equivalent  V  value  of 
glass  for  this  region  would  be  about  35  and  the  ch.omatic  blur  ;pot  would  be 
times  as  large,  that  is,  about  2.3  x  0  3  rad.  The  sagitta.  coma  blur  would  be  about 
1.4  x  10  3  rad  at  10°  off  axis,  half  that  indicated  in  Example  2. 

10.6.4.  Parabolic  Kcuector.  The  parabolic  reflector,  or  paraboloid,  is  widely 
used  because  of  its  perfect  image  quality  on  axis,  where  the  angular  blur  size  is  theoret¬ 
ically  limited  ;niy  bv  diffraction  as  discussed  above  in  Example  1.  For  off  axis  usage, 
however,  cona  end  astigmatism  are  present  in  the  same  amounts  as  in  a  spherical 
reflector  when  the  stop  is  in  contact  with  the  mirror.  (Note  that  the  coma  of  a  para¬ 
bolic  reflector  constant  and  not  a  function  of  stop  position,  but  the  astigmatism  is 
zero  wuen  the  stop  is  located  at  the  focal  plao.e.  that  is,  one  ncal  length  befoie  the 
mirror.)  Thus  the  angular  blur  size  for  a  parabolic  reflector  can  be  determined  from 
the  same  equ  jtions  ( 10-49  and  10-50),  and  the  s&ine  chart  (Fig.  10-37)  used  for  a  'spheri¬ 
cal  reflector.  If  we  substitute  a  paraboloid  of  the  same  dimensions  in  Example  2, 
the  blu*-  on  axis  would  be  that  of  Example  1,  or  3.8  x  10  5  rad  at  a  waveien*  of  2  p, 
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and  the  off-a^is  blurs  caused  by  coma  and  astigmatism  would  be  2.7  x  10  3  and  7.6 
x  10  5  rad,  respectively,  as  in  Example  2. 

10.6.5,  Schmidt  System.  The  Schmidt  system  (Fig.  10-36c)  combines  the  perfect 
axial  image  quality  of  the  paraboloid  with  the  uniform  image  quality  over  a  wide 
field  This  is  accomplished  by  the  use  of  a  spherical  primary  mirror  with  a  thin  re¬ 
ft  ir'.ing  aspheric  corrector  plate  located  at  the  center  of  curvature  of  the  primary. 
Thus,  the  Schmidt  system  is  diffraction  limited  on  axis;  the  size  of  the  angular  blur 
spot  off  axis  is  given  by 

/3  =  0.0417  x  6*  x  {f! no)  3  (10-51) 

A  Scumidt  system  wiih  an  f!2  relative  aperture  would  have  a  1.6  x  10  4-rad  blur 
at  10“  off  axis.  Fipure  10-39  is  used  in  the  same  manner  as  Fig.  10-37(fl)  and  (C). 


10.6.6.  Cafadioptric  Systems.  Systems  which  combine  refracting  and  reflecting 
elements  are  known  as  catadioptric  systems  (Fig.  10-36d,  e,  and  f).  Perhaps  the 
most  useful  of  these  is  the  concentric  Bouwers  system.  Because  of  its  concentric 
character  the  image  blur  size  is  the  same  over  the  entire  field  of  view.  Figure  10-40 
presents  the  limiting  characteristics  for  two  forms  of  the  concentric  Bouwers  and  also 
for  the  corrected  concentric  Bouwers,  which  is  a  concentric  Bouwers  with  a  Schmidt- 
type  corrector  at  the  center  of  curv  itu'e. 


Fic  10-40 


Biur  spot  mm:  chart  for  concentric  Bouwera  systems 


454 


OPTICAL  SYSTEMS 


10.6.7.  Refracting  Systems.  Because  of  the  complexly  of  refracting  systems, 
oniy  the  most  elementary  types  if  hemselves  to  anythi  /  approaching  a  complete 
analysis,  i  he  paragraph  below  consider  only  a  single  thin  element  with  the  aperture 
stop  at  the  element. 

The  spherical  aberration  of  a  thin  lens  is  a  function  of  its  inciex  of  refraction  (a  char¬ 
acteristic  of  its  material)  and  its  shape.  Figure  10-41(,4)  indicates  the  angular  blur 
due  to  spherical  aberration  of  a  lens  shaped  to  minimize  aberration,  when  the  surfaces 
of  the  lens  are  spherical.  (Spherical  aberration  can  be  eliminated  by  the  use  of  aspheric 
surfaces.)  The  example  of  an  /72  optical  system  as  a  lens  would  thus  have  a  blur  of 
8  x  10  5  rad  if  made  of  glass  (n  =  1.5)  or  1  x  10  3  if  made  of  germanium  (n  =  4). 


v  =  10 

V  -  20 
=  40 

V  =  80 
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Chart  A  Blur  Due  to  Spherical  Aberration 
(at  "minimum  bending") 
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pig.  10-41.  Blur  spot  size  char*  for  single  refracting  element. 
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The  coma  blur  of  a  thin  lens,  shaper!  for  minimum  spherical  aberration,  with  the  stop 
in  contact  with  the  lens,  is  given  by 


coma,  li  —■ 


6 _ 

16(n  +  2)(/7no)* 


The  coma  in  zero  if  the  stop  position  is  given  by 


(10-52) 


lr.  =  2(i.  -  l)’/4n(l  -  4n)  00-53) 

The  astigmatism  of  a  lens  in  contact  with  the  aperture  is  given  by  Eq.  (10-53)  so  that, 
for  lenses  of  "minimum  binding, ”  the  /S  as  given  by  Fig.  10-37(0  can  be  used  as  an  in¬ 
dication  of  the  off-axis  image  characteristics,  since  the  coma  of  a  minimum  bending 
lens  is  usually  quite  small. 

A  simple  lens  also  has  chromatic  aberration,  which  is  the  difference  in  focal  position 
for  light  of  various  wavelengths.  This  results  from  a  variation  of  the  »ctivt  index 
of  the  material  of  the  lens  with  wavelength.  A  sort  of  chromatic  of  merit” 

for  optical  materials  is  the  Ahbe  V  value,  which  when  generalized  for  at  wave¬ 
lengths  other  than  the  visual,  is  expiCssed  as 

V  =  ( n„  —  1 )  x  in,  -  r?t)  1 


(10-54) 
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where  n  is  the  refractive  index  and  the  subscripts  m.  s,  and  /  refer  to  the  at  the 

middle,  short,  and  long  wavelengths  of  the  spectral  band  of  sensitivity  of  the  detecting 
device  used  with  the  optical  s  stem.  Suppliers’  catalogs  should  be  consulted  for  exact 
index  values,  from  which  V'  may  be  computed.  For  optical  glass  some  typical  values 
are: 

Visible  spectrum  V  =  30  to  65 

Lead  sulfide  region 
C.4  to  2.5  n  V  =  9  to  15 

Near  infrared 

1  to  2.3  m  V  =  30  to  40 

The  angular  blur  due  to  chromatic  aberration  is  given  by 

chromatic  f3  —  0.5V  Ufl no)  1  (10-t5) 

and  can  be  found  by  use  of  Fig.  10-37(B)  when  V  and  f! no  are  known.  Note  that  the 
first  row  of  ft  no  values  indicates  the  diameter  of  the  blur  containing  100%  of  the  energy. 
The  second  row  indicates  the  blur  containing  15  to  90%  of  the  energy,  and  the  third 
row  the  blur  containing  40  to  60%  of  the  total  energy,  ^he  ordinate  corresponding 
to  the  intersection  of  the  v  value  lines  and  the  app’-  oriate  fine  line  indicates  the 
value  of  the  angular  blur  spot  (3. 

10.6.8.  Summary  of  Equations. 

Diffraction  limit 


0  =  2.44  x  ).  x  D  ' 

(10-56) 

Spherical  reflector 

Spherical  aberration 

(3  =  0.0078  (/7 no)'3 

(10-57) 

Sagittal  coma 

(3  =  0.0625  x  0  x  (//no)  3 

(10-58' 

Astigmatism 

£  =  0.5  x  e*  x  (f/no)  ' 

(10-59) 

Coma  and  astigmatism 

are  zero  when  stop  is  at  the  center  of  curvature. 

Coma  is  a 

linear  and  astigmatism  is  a  square  function  of  stop  to  center-of-curvature  distance. 
Parabolic  rejector 

Astigmatism  and  coma  blurs  per  Eq  (10-58)  ?  .  (10-59). 

Coma  does  not  vary  with  stop  position. 

Astigmatism  is  zero  for  stop  at  focal  plane. 

Mangin  Mirror 

Figure  10-38  gives  computed  spherical  and  chromatic  blurs. 

Coma  blur  is  approximately  one-half  that  of  Eq.  (10-58). 

Schmidt  System 
Tots!  meiidional  blur 


(3  =  0.0417#5  x  (/'/no'  3 


(10-60) 


Bouwers  systems 

Figure  10-38  gives  computed  blurs. 
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Single-element  refracting  (spherical  surfaces) 

Spherical 

p  —  K(flno)  3  (10-61) 

K-f(n)  =  0.067  for  n  =  1.5 
0.027  for  n  —  2 
0.0129  for  n  =  3 
0.0087  for  n  =  4 

Cor.;a 

)3  =  0/[16(n  +  2)  (/"/no)’]  (10-62) 

Chromatic 

p  =  0.5V'(flno)'  (10-63) 


Astigmatism  per  Eq.  (10-59). 
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11.  Detectors 


ILL  Introduction 

A  detector  is  a  device  providing  an  electrical  output  that  is  a  useful  measure  of  inci¬ 
dent  radiation.  It  includes  not  only  the  responsive  element  but  also  the  windows, 
limiting  aperture  and  dewar  flask. 

11.1.1.  Responsive  Elements.  The  responsive  element  is  a  radiation  transducer. 
It  changes  the  incoming  radiant  power  into  an  electrical  power  which  can  be  amplified 
by  the  accompanying  electronics.  The  transduction  methods  can  be  separated  into 
two  groups.  In  the  first  group  (thermal  detectors),  the  responsive  element  is  sensitive 
to  changes  in  its  temperature,  brought  about  by  fluctuations  of  the  incident  radiation 
power.  The  second  group  (photodetector.,)  contains  responsive  elements  which  are 
sensitive  to  fluctuations  in  the  number  of  incident  photons.  The  detectors  described 
in  this  chapter  are  listed  below.  A  short  description  of  each  detection  process  follows 
the  listing. 


Group  l  Thermal  Detectors 

Thermistors  (bolometric) 
Thermocouples  (thermovoltaic) 
Thermopiles  (thermovoltaic) 
Golay  cells  (thermopneumatic) 


Group  2  Photodetectors 


GaAs 
Cu-CujO 
In  As 
InSb 

Si 

PbS 

PbSe 

PbTe 

Te 

InSb 

Ge:Au 

Ge:Cu 

Ge:Hg 

Ge:Cd 

Ge:Zn 

Ge-Si:Zn 

Ge-Si:AuJ 


Photovoltaic 


>  Photoconductive 


InSb 

HgTe  (5%  ZnTe,  5<* 

Various  mixtures  of 
alkali  earth  o  (ides 


]  Photoelectro- 
CdTe)  J  magnetic 

% 

|  Photoemiseive 
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Bolometric:  Changes  in  temperature  of  the  responsive  element  induced  by  the 
incident  radiation  causes  a  change  in  the  electrical  conductivity  of  the  element.  This 
change  in  conductivity  is  monitored  electrically. 

Thermovoltaic:  When  the  temperature  of  a  junction  of  dissimilar  metals  fluctuates 
because  of  changes  in  the  level  of  incident  radiation,  the  voltage  generated  by  the 
junction  will  fluctuate. 

Thermopneumatic:  When  the  radial  ion  incident  on  a  gas  in  a  chamber  increase  ~ 
the  temperature  (and  therefore  the  pressure)  of  the  gas,  the  chamber  expands,  moving 
a  mirror  attached  to  an  external  wall.  This  movement  is  detected  optically. 

Photovoltaic:  A  change  in  the  number  of  photons  incident  on  a  p-n  junction  causes 
fluctuations  in  the  voltage  generated  by  the  junction. 

Pkotoconductive:  A  change  in  the  number  of  incident  photons  causes  a  fluctuation 
in  the  number  of  free  charge  carriers  in  the  semiconductive  material.  The  electrical 
conductivity  of  the  responsive  element  is  inversely  proportional  to  the  photon  number. 
This  change  in  conductivity  is  monitored  electrically. 

Phoioelectromagnctic:  Photons  absorbed  at  the  surface  generate  charge  carriers 
which  diffuse  into  the  bulk  and  are  separated  en  route  by  a  magnetic  field.  This 
separation  of  charge  produces  an  output  voltage  which  fluctuates  according  to  fluc¬ 
tuations  in  the  number  of  incident  photons. 

Photoemissive:  Incident  photons  impart  sufficient  energy  to  electrons  on  the  photo- 
emissive  surface  to  liberate  them  from  the  material.  The  freed  electrons  may  be  swept 
to  an  anode,  and  the  resulting  current  can  be  monitored  to  determine  fluctuations  in 
the  number  of  incident  photons. 

11.1 2.  Windows.  Window  materials  are  primarily  use  i  to  restrict  the  spectral 
bandwidth  to  whicli  the  detector  is  sensitive  and  to  form  part  of  the  dewar  flask.  In 
selecting  thi  window  one  must  consider  a  variety  of  mater'  il  properties.  Cl  ipter  8 
describes  in  detail  the  various  window  materials  and  their  properties. 

11.1.3.  Apertures.  Apertures  are  often  used  to  limit  the  field  of  view  of  the  detector 
ir  order  to  reduce  photon  noise.  Section  11.5  of  this  chapter  discusses  this  subject  in 
so  me  detail. 

11.1.4.  Dewar  Flask.  Dewar  flasks  are  used  to  house  the  coolant  which  reduces 
the  detector  temperature  in  order  to  improve  detectivity.  The  varioui-  dewars  and 
associated  cryogenic  systems  £ie  described  in  Chapter  12. 

11.2.  Detector  Parameters 

The  various  symbols  and  units  used  today  for  describing  the  performance  of  infrared 
detectors  are  presented  in  Table  110..*  Basic  noise  mechanisms  which  limit  detecting 
ability  are  listed  in  Table  11-2  along  with  a  description  of  the  physical  process  and  the 
appropriate  mathematical  expression.  For  more  detailed  information  or  background 
material  on  the  individual  items  in  these  ;ables,  several  textbooks  [1,2,3]  are  available 
which  treat  the  subject  more  thoroughly  and  also  provide  further  references  to  the 
archival  literature.  In  addition,  two  detector  state-of-the-art  studies  [4,5]  have  been 
published  as  government  publications. 


•Table  11-1  ia  a  compiia*;on  of  the  symbols  and  units  arrived  at  over  the  year*  by  workers  in  the 
infrared  community.  Especially  helpful  in  preparing  the  table  were  Prof.  H.  Levinstein,  Dr.  R  C 
Jones,  and  W.  L.  Eisenman 
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11.3.  Data  Enumeration 

This  section  presents  data  on  commercially  available  infrared  detectors.  Of  primary 
concern  to  the  system  designer  are  such  parameters  as: 

1.  Detector  temperature 

2.  Normalized  detectivity 

3.  Ttme  constant 

4.  Resistance  or  impedance 

5.  Spectral  response 

6.  Noise  spectrum 

7.  Responsive  area 

8.  Respor.sivity 

9.  Viewing  solid  angle 

10.  Background  temperature 

Data  of  this  kind  are  available  from  the  manufacturers’  brochures  or  from  either 
of  the  two  cell-testing  facilities:  Naval  Ordnance  Laboratory,  Corona,  California 
(NOLCi,  and  Syracuse  (New  York)  University  (SU).  NOLC  and  SU  have  each  pub¬ 
lished  a  series  of  reports  describing  the  results  of  their  measurements:  Properties  of 
Photodete,  tors  [6]  and  Interim  Beperi  on  Infrared  Detectors  1.7],  respectively  Com¬ 
pilations  of  data  from  these  series  and  other  sources  for  each  commercially  available 
detector  are  presented  in  the  data  sheets  at  the  end  of  this  section.* 

In  addition  to  the  parameters  listed  above,  the  design  engineer  must  be  concerned 
with  the  effects  of  environmental  factors  on  detector  performance.  Data  of  this  kind 
are  not  available  from  brochures  or  from  the  archival  literature;  one  must  rely  on 
confirmation  from  the  contractor.  The  Detector  Evaluation  and  Information  Com¬ 
mittee  of  IRIS  (Infrared  Information  Symposia)  has  compiled  minimum  environmental 
specifications  (see  next  page).  Most  detectors  meet  these  specifications. 


•Three  deUvtors  which  an;  not  commercially  available  but  are  of  interest  have  been  omitted. 
They  include  superconducting  bolometers,  carbon  bolometers,  and  T1,S.  At  least  one  other,  the 
germanium  bolometer,  has  not  reached  the  state  of  maturity  such  that  reliable  data  arc-  available. 


DATA  ENUMERATION 
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IRIS  Environmental  Specification  #101  [8] 

A.  Storage  Temperature  Requirements 

1.  Minimum  Range:  The  range  of  minimum  temperature  for  detector  storage 
shall  be  +71° C  to  — 55°C. 

2.  Accelerated  Life  Test:  The  detectors  shall  meet  minimum  specification 
requirements  within  24  hours  after  storage  for  200  hours  at71"Ci:20C. 

3.  Temperature  Cycling  Tests  (Thermal  Shock):  Detectors  shall  meet  per¬ 
formance  specifications  within  hours  after  being  subjected  se"en  times  (not  neces¬ 
sarily  consecutive)  to  the  following  cycle:  The  detector  temperature  shall  be  raised 
from  room  temperature  to  71°  C  ±  2°C  and  held  there  for  two  hours;  lowered  within 
five  minutes  to  —40°  C,  or  below,  and  held  there  for  two  hours;  raised  within  five  min¬ 
utes  to  71°  C  ±  2°C  and  held  for  two  hours;  lowered  within  five  minutes  to  — 40°C 
or  lower,  and  held  there  for  two  hours;  and  then  raised  to  room  temperature,  com¬ 
pleting  the  cycle. 

3.  Humidity  Requirements 

T1  e  detector  shall  meet  the  performance  specifications  within  24  hours  after 
spending  ten  days  in  an  environment  having  a  relative  humidity  of  (+0%,  —5%) 
and  a  temperature  of  38°  C  ±  2°  C. 

C.  Vibration  Requirements 

The  detector  element  plus  package  shall  meet  the  performance  specifications  after 
vibration  along  all  three  mutually  perpendicular  axes  from  20  epe  to  2000  cps  at  the 
rate  of  five  minutes  per  octave  with  a  peak  acceleration  of  10  g. 

D.  Shock 

The  detector  element  plus  package  shall  meet  the  performance  specification  after 
being  subjected  to  18  shocks  (three  in  each  of  six  directions)  in  accordance  with 
Paragraph  4.15.5.1.  of  Specification  MIL-E-5272  [9]. 

E.  Microphonics 

M'.crophonism  depends  greatly  on  the  method  of  potting.  System  requirements 
are  very  different.  Microphonism  specifications  must  be  established  for  the  specific 
application  requirements  of  the  user. 

F.  Acceleration 

Derails  depend  upon  system  specification  requirement.  Tests  shall  be  made  in 
accordance  with  Specification  MIL-E-5272,  Paragraph  4.16.1,  when  applicable  19]. 

G.  Vacuum  Environment 

The  detector  shall  meet  minimum  specification  requirements  within  24  hours 
after  storage  for  200  hours  at  a  pressure  below  10  -•  torr.  This  specification  does 
not  apply  to  detector  elements  permanently  mounted  in  a  vacuum  dewar. 

H.  Other 

The  following  earth  environments  do  not  apply  to  normal  applications  of  infrared 
detectors:  salt  spray,  fungus,  rain,  sand,  dust,  immersion  test,  and  explosion-proofing 
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Background  The  effective  temperature  of  all  radi- 

Temperature  ntion  sources  viewed  by  the  detector 

( Tg )  exclusive  of  the  signal  source. 

i'K] 
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(A  ,  f)  cm(cps)  watt  D*  (A,  90  cm(cps)1'  watt 


PAT  A  ENUMERATION 


471 


GaAs 

Detector  Temperature  3P0°K 


Chop^ilno  Frequency  (cpe) 


Data  Shkt  1 
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DETSCTORS 


Cu-CutO 

Detector  Temperature  300°K 


B 


300°  K 


r 

R 

Z 

A 

fov 


-i  x  jo6  n 

-4  x  10'2 
180° 


*•5  x  10 


4  volt  ring 
watt  rms 


max 

Operating  mode:  photovoltaic 

Limiting  noise:  1/f  lor  f  <100  cpo 
and  shot  noise  for  f  >  100  cpe. 

Manufacturer:  Philco  Corp. 


Wavelength  (p) 


Chopping  Frequency  (cps) 


— 

1 


Data  Shi  it  2 
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Si* 

Detector  Tampcratura  78°X 


<  1  to  MO  |imc  (ofta.i  llralUi  by  the  RC 
?>lu*  of  tfaa  aansUiva  clamant) 

*  10*  (1  ((or  phot oc coduct tra  detectors) 

SO  k(7  to  107  (1  (for  photovoltaic  datectora) 
2 

up  to  1  cm 
ISO0 

,„8  roll  rms 
10  wSTrwi 


Oparatia* 


photocondecttre  and  photovoltaic 


Umltisf  noise:  Johnson  noise  of  tha  loau  raaiottvr 
ami  a  hot  notue  for  tha  photov''Ualc  mode.  G-R 
and  Johnson  ootaa  predominate  la  tha  photocon- 
dnctlve  mods. 

Manufacturers:  Texas  Instruments 

Solid  Sato  FUutUtionj  be. 

RCA  Ltd. 

International  Ractlfiar  Carp. 

*Lansas  ara  supplied  by  soma  manufacturer  a. 


.«  .7  .8  .9  1.0  1.1 

Waralength  (w 


- -  Bolid  State  Radlattona  Inc. 

Texas  Instrument  a  " — -7 — 

(small  area  wtth  lana)  > 


\RCA  Ltd. 


Frequency  (epe) 
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PbS* 


Oatacfer  Tup«nlut  MXPfc 


tb  >00°#, 

r  1000-1000  uhc 

R  .1-30  wn/rquar* 

Z 

A  I0'#  to  10°  cm* 

for  00® 


'10 


1  toU  rat 
wati  nri 


Op-*Ma*  nod*. 

LLblttlag  aotaa: 

wwfacfauwi:  te/rarac  ltdaacriaa  f«hC 
Zaataaa  Kodak  Co.  (EK) 
■tectroBlca  Corp.  c< 

America  (XCA) 

Tapper  Treat  Co. 

Mallaard  Ltd, 

bata  Barters  Research  Cental 

‘iTadaotis  between  ammeters  era  arsllabla 
upon  request  frotr  tba  auanfactarer  (a  c->  T 
may  ba  decreased  at  tba  expense  c!  0*1. 


Data  Sh  vr  » 


D*  (2.S4.  f)  cm  (cpa)1/watt'1  D*  (A,  »0'  cm(cpa)  '  wrtt 
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Pb$* 

Detector  Temperature  195°K 
Tg  S00°K  (background  doUo  \natgntftCAi.;) 


•Tradeoffe  between  parameters  art 
available  upon  request  from  the  manufacturer 
(e.g.,  r  may  ba  aho;  mxf  at  tha  expense  of  D* ). 


Tg  S00°K 

r  500-3000  mac 

R  .5  to  10  Mfl/aquart 

Z 

A  10"  6  to  10°  cm* 

for  180° 


-10®  rma 
watt  rma 


Manufacturer  a:  Infrarad  Induatriaa  Inc. 

Eastman  Kodak  Co. 

Electronics  Corp.  of  Amarlca 
Tuppar  Trant  Co. 

Milliard  Ltd. 

Santa  Barbara  Rasa  arch  Cents  r 


Chopping  Frequency  (cpe) 
Data  Shxxt  5 
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PbSe 

Datactor  Tamparatura  SOO°K 


T 

R 


7 

A 

(07 


SOO°K 

t  -  10  |iHC 
-5  US)/  aquare 


s.  ..0 

10  cd  to  10  cm 


1*0° 


-10' 


,*  Toll  rmi 
watt  nn* 


Oparatlcg  oxxto:  pOdocoodudtt 
Limiting  no^ac  1/f  notaa 

Mamfacturara:  Baatmaa  Kodak  CO. 

Santa  Barbara  Waaaarch  CaaUr 


Chopping  Fraquency  (epal 


Data  Shxkt  7 
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PbSe 

Drtactor  Treptraiar*  1II°K 


D*  (*„,  I)  e«<epe)  '  ot*'*  D»  (*,  1000)  cafcpo) 
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PbSe 


Matter  TM|tn<w«  H*I 


1 

2 
A 
for 


M0°K 


10-110  |tOOC 
.1-10  HO/aquara 

10'*  to  10U  e*' 
00° 


-io*  r°y  rmt 


ORorattaQ  aoOa:  t*atociOictft» 

Llaltlaf  aotoo:  1/f  ootea  for  .  <000  eft 
ut  O-R  aotoo  Oaa  to  Uttteo  rlbrattoaa 
for  f  1:400  cpa. 

Ihaufaetcrrra:  la  Mi  £v  Harm  Rooooiea  CaaUr 


kfrarad  Maotrtoo  lac. 
Ubraocope  Co. 


Chopptnc  Frequency  (qw) 


Data  Shift  9 
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InAs 

Datactor  T**.-  ['aratura  SOO°K 


T 

* 

z 

A 

Iw 


900°K 
<2  |1HC 


-20  0  (raqutroa  tuanati.rtu'tr  coupling) 

io*:  I 
1#0° 


*  _  i  n 

10  “  to  10  cu 


-10 


volt  not 
watt  rat 


Op* ratine  motto:  photovoltaic 

u— iHwy  noise:  1/t  noiw*  tor  t  <200  epa 
and  Jdnra  nctaa  tor  t  >200  epa. 

HuMifactarara:  Phllco  Corp.  (prortti*  aap* 
phtra  tmmereloo  lana) 
Taaaa  Instrument* 
gleet  ro-  Optical  Sjatama 


J - 1 - U_J 

2  2  4 

Wavelength  (m) 

-  »10  1 

|  1 

= 

“ 

Ml  1  - - 

l 

1 

“ 

-  m® 

i  i  i  i  i  i  i  n  i _ LI  1  1  l  HJ - -1 - 1  *  u 

h 


10 


10*  10 
Chopping  frequency  (epa) 

Data  Shut  11 


10 


I 
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In  As 

Detector  Temperature  273°X 

(supplied  with  thermoelectric  cooler  and 
an  Irtrmn  II  Immersion  lens) 


300°  K 
<5  Msec 


Typical  Detector 


-iso  n 

-10'2  cm2 


j3  volt  ran 
watt  rms 


Operating  mode:  photovoltaic 

Limiting  noise:  1/f  noise  (or  (  <300  cpc 
and  Johnson  noise  (or  (  >300  cpe. 

Manufacturer:  Texas  Instruments 


Wavelength  (p) 


Chopping  Frequency  (cps) 


Data  Sheet  12 


trawmiHdlrttWiiinW1  W*** 


D*  (A^f  f)  cm(cpe)1'  watt 


DATA  ENUMERATION 


483 


Te 

Detector  Temperature  78°K 


T_  300°K 

B 

r  AO  list c 

R  1000  ohms/  square 

Z 

A  >2  x  10~2  cm2 

fov  180° 


max 


10*  vo^  ran 
'vatt  rms 


Operating  mode:  photoconductlve 

Limiting  noise:  1/f  noise  for  f  <1000  cps 
and  G-R  noise  due  to  lattice  vibrations 
(phonons)  for  f  >  1000  cps. 

Manufacturer :  .Minneapolis- Honeywell 


Chopping  Frequency  (cps) 


Data  Shut  13 


I 
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InSb 

Detector  Temperature  S00°K 


Tg  300°K 

t  <  .2  ;iscc 

R  ~1 5  ohma/  square 

Z 

A  (0.05  x  0.05)  cm1  to  (0.2  x  0.5)  cm1 

fw  580° 

r  .  volt  ms 

a  watt  rnis 

mV. 

Operating  mode:  phutoelectromagnetlc  or 
photoconductlve 

Limiting  notae:  Johnson  noise 

Mamifacturers:  Block  Associates 

Minneapolis-  Honeywell 
Radiation  Electronics  Corp. 
Texas  Tnstruments 


Wavelength  (p) 


Dai-a  Shikt  14 


i 


,  f)  cm(cpe)  '  watt"  D*  fx,  MO)  cm(cp«) 
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l.iSb 

Detector  Temperature  106% 


Wavelength  (X ) 


T 

R 

z 


for 


mu 


ooo°r 

<1  4MC 

>100  ohm  a/ aquar* 


(4)5  x  .01)  cm*  to  (0.5  xf  ,J>  c*a  * 
iS0° 


-i0* 

watt  nna 


Operating  mode:  photocoaductlve 

LUUtlng  b.vUM:  l/t  noise  phis  G-S  xMm 
due  to  xHi>f  Tlbretioai 


liMActBnri:  Tone  taetrumentr 

Radiation  Klectrcnlca  C-vrp. 


Data  Shut  15 


(od»)mr  (OCOt  »  *rj  _  0  '  v)  «a 
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DSTSCTOR3 


InSb 

Jatoctor  Tamperatara  78°T 


I 

Z 

A* 

fov 


300°K 

-1  |1NC 

1-10  Bl/squars 

-S  1 
u  i mall  as  10  cm 

1*0° 

voU  rm,> 
vaH  rma 


OperaiLie  tiHMte:  p.«Xocoortuct  Ira 

Limiting  ootsa:  C-R  v  m  dua  to  background 
niutoaf  to  laftca  TtbrUlcofl 

■i*mific*-!r>r»:  Tnxss  foitnunail* 

Mlnasa  poll*-  Hootywali 

Sane.  Barbara  Baaaarch  Caotar 

Haytbsoo 

*Ar«aj  as  small  as  10’s  bars  taan  conati'ictad 
by  the  Chicago  Ifidway  Lnboratorlaa  (now  tbs 
Laboratory  ot  AppUad  Sclaoca) 


W&ralargth  (vi 
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Ge:AuSb*  (n-type) 
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Thermocouples 
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11.4.  Test  Procedures 

Experimental  procedures  to  provide  the  necessary  information  for  proper  detector  im¬ 
age  are  presented.  Most  of  the  experimental  detail  supplievl  here  is  similar  to  that 
established  at  the  Naval  Ordnance  Laboratory,  Corona,  California  [10],  and  Syracuse 
University  ill).  These  facilities  have  been  spoiisuied  by  the  Armed  Services  to  provide 
up-to-date  quantitative  measurements  on  all  types  of  phoiodetectors  in  the  spirit  of 
a  standards  laboratory  with  respect  to  the  experimental  procedures  undertaken  and  the 
data  provided.  Attention  should  also  be  called  to  the  standardization  report  by  Jones 
et  al.  [12],  which  crystalizes  the  thinking  of  British,  American,  and  Canadian  scientists 
on  the  subject  of  testing  and  of  describing  test  results. 

11.4.1.  Determination  of  NEP.  The  circuitry  used  for  measurement  of  V rmt  and 
Vn.rm,  and  for  the  determination  of  optimum  bias  is  shown  in  block  form  in  Fig.  11-1. 
The  important  components  of  this  circuitry  are  the  infrared  source  (blackbody),  the 
preamplifier,  and  a  wideband  wive  analyzer.  The  blackbody  emitter  has  precision 
temperature  controls.  A  standard  technique  used  in  test  procedures  is  to  make  meas¬ 
urements  with  a  t’ackbody  set  at  a  temperature  of  500°  K.  The  source  is  mechanically 
modulated  by  a  disc-type  chopper.  Generally  '  his  chopper  is  arranged  with  two  speeds 
to  provide  radiation  modulated  at  90  cps  or  900  cpe.  This  chopped  radiation  generates 
an  electrical  signal  in  the  detector  which  is  amplified  and  then  measured  with  the 
harmonic  wave  analyzer.  The  wave  analyzer  is  also  used  to  determine  the  noise  level 
by  obtaining  a  reading  when  the  detector  is  shielded  from  the  chopped  radiation 


Fig.  11-1.  Block  diagram  of  test  circuit  used  for  making  measurements. 


The  signal  voltage  and  noise  voltage  for  a  photoconductive  detector  are  determined 
as  a  function  of  bias  voltage.  For  most  detectors,  chopping  frequency  is  not  a  significant 
factor  n  determining  optimum  bias.  Figure  1 J  -2  shows  a  typical  bias  graph  with  plots 
of  signal  and  noise  voltage  versus  bias  current.  This  graph  is  typical  of  those  supplied 
by  the  Naval  Ordnance  Laboratory.  The  optimum  bias  point  is  determined  from  such 
a  graph  and  used  in  all  subsequent  measurements  for  that  particular  detecto, .  Typical 
circuitry  of  the  cell  bias  and  match  are  shown  in  Fig.  11-1,  and  drawn  schematically 
in  Fig.  11-3.  Two  sets  of  input  leads  are  shown  from  the  detector  to  the  match.  One 
set  is  for  the  bias  current  used  with  thermistors,  photodetectors,  and  the  like;  the 
other  set  is  for  photovoltaic  and  PEM  detectors  as  well  as  thermocouples.  Photovoltaic, 
PEM,  and  thermocouple  detectors  usually  require  transformer  coupling  to  the  pre¬ 
amplifier  because  of  their  low  impedance.  It  is  important  to  use  a  transformer  whose 
impedance  can  be  varied  to  insure  that  the  equivalent  noise  input  resistance  of  the 
preamplifier  is  transformed  to  an  impedance  lower  than  the  impedance  of  the  detector 
being  tested. 


P  *oco  voltaic 
Teat  Leads 


Fig.  11-3.  Cell  biaa  and  impedance  matching  cir  u:t 
for  infrared  detectors. 


Th  - simplest  kind  of  circuitry  associated  with  the  photoconductive  detector  is  shown 
in  Fig.  ll-4(o)  and  consists  simply  of  a  bias  battery  supply  in  series  with  the  photo- 
conduc'.ive  detector  and  a  lead  resistor,  RL  The  signal  is  taken  off  the  load  resistor 
and  fed  through  a  capacitor  ti  i  preamplifier.  The  voltage  across  the  load  resistor 
'S  given  by 


Rt 
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Fio.  11-4.  Biss  circuits  for 
photoconductive  detectors. 


The  change  in  'oltage  across  the  load  rer.istor  produced  by  the  modulated  radiation  is 
fo'.nd  by  differentiating  this  equation  with  respect  to  the  resistance  of  the  cell.  It 
then  follows  that 


y  —  RlR  A/? 

RL-  n  n 


(11-2) 


When  the  load  resistar.ee  is  much  larger  than  the  detector  resistance,  a  constant  bias 
current  condition  exists  Maximum  signal  voltage  is  obtained  when  the  load  resistance 
is  the  same  size  as  the  detector  resistance;  extended  frequency  response  is  obtained 
for  small  values  of  load  resistance.  This  latter  requirement  usually  appears  with 
high-resistance  fast  detectors.  In  this  situation  capacitive  effects  become  important, 
and  in  order  to  match  the  response-time  capability  of  the  detector  it  is  necessary  to 
use  a  small  load  resistor,  which  produces  a  reduced  signal  amplitude  but  flat  frequency 
response  over  a  wider  frequency  range. 

A  modification  of  this  simple  circuit  is  shown  in  Fig.  11-4(6).  It  involves  placing 
a  dc  load  resistor  in  series  with  the  detector  and  an  ac  load  resistor  (r)  across  the  detector 
through  a  coupling  capacitor.  The  output  is  fed  to  the  preamplifier  from  the  ac  load 
resistor.  The  effect  of  this  type  of  circuitry  is  to  allow  changes  in  the  load  resistor 
without  influencing  the  photoconductor  bias  cur-ent.  These  changes  are  necessary 
to  determine  the  optimum  bias  current. 

In  making  any  measurements,  it  is  important  that  the  preamplifier  noise  be  less 
than  the  detector  noise.  Two  types  of  noise  must  be  considered  with  respect  to  the 
preamplifier  (1)  an  effective  ijer.es  noise,  (2)  an  effective  shunt  noise. 

The  series  noiae  is  experimentally  determined  by  shorting  the  input  to  the  preampli¬ 
fier  and  then  noting  the  output  noise  voltage.  The  shunt  noise  is  determined  by  open¬ 
ing  the  input  circuit  and  recording  the  output  noise  level.  Then,  starting  with  large 
values  of  resistance,  a  sequence  of  resistors  of  decreasing  value  is  placed  ar  ose  the 
input  to  the  preamplifier  and  the  output  noise  level  noted.  The  value  of  resistance  is 
reduced  to  a  point  where  a  change  in  the  noise  output  from  the  open-circuit  condition 
of  the  preamplifier  is  recorded.  One  must  then  insure  that  the  detector  resistance  in 
a  smaller  value  than  this  to  provide  a  detector  noise  greater  than  the  preamplifier 
noise.  In  this  condition  the  detector  resistance  is  greater  than  the  series  resistance 
of  the  preamplifier  but  less  than  the  shunt  resistance.  This  is  referred  to  as  a  detector- 
noise-limited  cor  iition.  This  requirement  becomes  difficult  to  meet  when  one  is  forced 
to  deal  with  very-high-impedance  detectors  (higher  than  15  or  20  megohms).  Other¬ 
wise,  the  problem  of  shunt  noise  is  not  serious,  and  one  usually  finds  that  the  series 
noise  requires  the  most  caution. 

The  primary  purpose  in  measuring  signal  and  noise  voltages  with  the  equipment 
of  Fig.  11-1  is  to  determine  the  photod^tector’s  noise  equivalent  power  (NEP).  This 
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can  now  be  done  since  the  power  c’ensity  of  the  radiation  from  the  blackbody  that  falls 
on  the  detector  is  known.  This  value  can  be  calculated,  starting  with  the  Stefan- 
Boltzmann  law.  The  power  density  H  from  a  source  of  radiance  N  at  a  distance  X 
to  the  detector  is  the  detector  irradiance: 


H~NX’~  *  X‘ 


(11-3) 


where  A,  is  the  source  area,  N  is  the  radiant  flux  emitted  by  the  source  per  unit  area 
per  unit  solid  angle,  and  is  equal  to  Win  (IV  =  radiant  emittance).  For  a  circular 
source  aperture  of  diameter  D„  the  power  density  is 


W  nU.*  W  A, 
n  '  4X*  n  X * 


(11-4) 


and  therefore  NEP  is  given  by 


NEP  = 


HA , 


V,.rm.IVK 


W  (D,y  Vn.rm, 

4  \X/  V.,rmt  Aa 


(11-5) 


The  gain  of  the  circuitry  used  to  determine  NEP  is  checked  with  an  oscillator  and  a 
microvoltmeter  connected  to  the  input  of  the  preamplifier.  The  noise  bandwidth  of  the 
system  is  determined  by  measuring  the  Johnson  noise  generated  in  a  wire-wound 
resistance  as 

Af=e*l4kTr  (11-6) 

where  k  is  the  Boltzmann  constant,  T  is  the  absolute  temperature,  r  is  the  resistance, 
and  e*  is  the  t.c ar  square  voltage  fluctuation.  The  signal-to-noise  ratio  of  a  detector 
at  a  given  bias  current  is  generally  independent  of  the  load  resistance.  However, 
as  ohown  by  Eq.  (11-2),  the  signal  voltage,  and  correspondingly  the  noise  voltage, 
are  functions  of  the  load  resistor.  Since  different  applications  may  require  different 
load  resistors,  a  listing  of  detector  signal  and  noise  measurements  must  inci  ide  the 
value  of  the  load  resistance  used  in  making  the  measurements. 

11.4.2.  Time  Constant.  Speed  of  response  information  is  usually  provided  in  one 
of  two  forms.  They  are.  (l)a  plot  of  response  versus  frequency  from  which  a  detector 
time  constant  can  be  estimated,  and  (2)  the  photodecay  characteristic  after  removal 
of  a  photoexcitation  source.  Information  of  type  (1)  is  generally  obtained  bv  amplitude 
modulation  of  radiation  from'  an  infrared  source  irradiating  the  detector,  and  varying 
the  frequency  of  modulation;  type  (2)  is  obtained  by  observing  the  signal  wave  shape 
of  the  photodetector  response  'o  periodic  pulses  of  light.  Systems  for  making  meas¬ 
urements  to  provide  the  two  types  of  information  are  described  below. 

11.4.3.  Frequency  Response.  Frequency  response  is  usually  measured  with  a 
metallic-disc  light  chopper.  The  disc  is  ringed  with  slits  spaced  symmetrically,  so 
that  the  opaque  region  and  the  slit  region  have  the  same  width. 

The  modulation  frequency  is  given  by  the  spinning  rate  of  the  disc  multiplied  by  the 
number  of  slits  in  the  disc.  The  higher  the  frequency  of  modulation  required,  the 
higher  the  spinning  rate,  and/or  the  greater  the  number  of  slits  cut  in  the  disc.  In¬ 
creasing  the  number  of  siits  results  in  slits  of  occreacmg  width  (for  any  one  size  disc), 
until  eventually  an  optical  system  is  required  *  ">  image  down  the  infrared  source  onto 
the  slit.  The  radiation  passing  through  the  slits  is  then  focused  onto  the  detector. 
For  low-frequency  operation,  sinusoidal  modulation  can  be  obtained  by  proper  selection 
of  t:  .e  chopper  opening  [13]. 

The  lrer-uency  response  was  determined  at  Corona  [10]  by  a  variable-speed  chopper, 
giving  a  frequency  range  100  to  40,000  cpe.  Radiation  from  a  Nernst  glower  is 
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sinusoidally  modulated  by  the  chopper,  and  is  usually  filtered  by  a  selenium -cot  ted 
germanium  window.  The  signal  from  the  detector  is  measured  by  putting  the  output 
of  a  cathode  follower  and  a  preamplifier  into  the  y-axis  input  of  an  oscilloscope.  An 
incandescent  tungsten  source  is  simultaneously  modulated  by  the  chopper,  and  activates 
a  photomultiplier  whose  signal  is  fed  into  a  preamplifier  and  a  tachometer;  the  lat¬ 
ter’s  output  is  proportional  to  frequency  and  is  put  on  the  x  axis  of  the  oscilloeccpe. 
The  oscilloscope  display  is  photographed  as  the  chopper  slows  down  from  its  maximum 
speed.  Syracuse  University,  using  a  wheel  cut  with  140  J  circular  holes  spinning  at 
a  rate  of  10,000  rpm,  obtains  a  maximum  chopping  frequency  of  240,000  cpe.  This 
equipment  uses  a  Globar  as  the  light  source  and  an  As,  S3"  (arsenic  trisulfide)  lens 
to  focus  the  source  onto  the  slit.  For  photodttectors  whose  response  can  be  described 

by 


V.., 


V,t, 


(1  + 


fll-7) 


this  high-frequency  chopping  rate  permits  an  evaluation  of  time  constants  as  short 
as  0.5  fisec.  ’Typical  frequency-response  data  reported  from  NOL,  Corona,  is  shown 
in  Fig.  11-5. 


«  2  r  a  * 

io*  io  icr  10  io" 

FREQUENCY  (q>») 

Fig.  11-5.  Detector  frequency  response. 


Frequency  response  measurements  may  also  be  obtained  by  using  an  i rejection  laser 
as  the  light  source.  The  injection  current  may  be  modulated  sinusoidally  at  frequencies 
up  to  the  gigumegacycle  region  -  sufficient  for  determining  time  constants  shorter  than 
1  ptsec.  However,  the  laser  must  be  calibrated  in  terms  of  output  intensity  vs.  fre¬ 
quency  to  insure  that  the  frequency  dependent  of  the  electrical  output  of  the  detector 
is  due  to  the  detector  and  not  to  the  source.  Several  manufacturers  are  now  using  this 
technique  to  determine  time  constant. 

11.4.4.  Pnlse  Reepoiu  Another  approach  to  the  measurement  of  speed  of  response 
is  a  direct  measurement  of  the  decay  cr  rise  characteristics  of  the  detector.  For  detec¬ 
tors  with  siow  response  and  high  sensitivity,  it  is  fairly  easy  to  design  a  mechanical 
light  chopper  with  sufficient  speed  so  that  the  dynamic  characteristics  measured  belong 
to  the  photodetector,  and  not  tc  the  chopoor.  However,  when  one  is  dealing  with  photo¬ 
detectors  whose  response  t.mee  are  lea*  than  1  fiaec,  normal  procedures  in  making 
this  measurement  become  difficult.  To  measure  the  decay  or  rise  characteristics  of 
the  detector  requires  a  light  source  whose  rise  cr  fall  time  is  approximately  1/10  the 
time  that  is  to  be  measured.  Oj-tical  spinning  mirror  systems  can  provide  such  rapid 
rise-and-fall  light-pulse  time.  A  rather  simple  arrangement  >  .  s  hown  in  Fig.  11-6. 
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Fig.  11-6.  Simple  Bpinning  mirror  for  period!'' 
light  pulre  generation. 


A  collimated  beam  of  light  is  deflected  by  a  rotating  mirror.  A  decollimating  mirror 
which  focuses  the  infrared  radiation  on  the  detector  io  placed  a  distance  X  away  from 
the  mirror.  The  rise  time  of  the  light  pulse  is  the  time  it  takes  the  leading  edge  of 
the  pulse  to  fill  the  decollimating  mirror,  and  the  fall  time  io  the  t;me  required  for 
the  trailing  edge  of  the  li,  beam  to  move  off  of  that  same  mirror.  The  velocity  with 
which  the  light  ray  movts  across  this  mirror  is  given  by  the  distance  between  the 
spinning  mirror  and  the  decollimator,  multiplied  by  the  angular  velocity  of  the  spin¬ 
ning  mirror.  The  rise  time  and  decay  time,  assuming  a  symmetrical  light  pulse,  are 
equal  to  each  other,  and  to  the  width  of  the  decollimator  divided  by  the  velocity.  Obvi¬ 
ously,  by  making  X  sufficiently  large,  the  rise  and  fall  times  can  be  made  shorter,  but 
generally  at  the  expense  of  decreasing  intensity  at  the  detector.  The  energy  may 
be  increased  by  the  use  of  a  cylindrical  mirror  which  compresses  without  affecting  its 
width.  Light  pulses  with  rise  and  decay  times  of  about  50  nanosecondp  have  bean 
generated  with  this  technique,  using  a  mirror  spinning  at  10,000  rmp. 

Another  useful  spinning-mirror  technique  is  that  described  by  Garbuny  et  al.  [14], 
The  method  consists  of  surrounding  a  rotating  rnultisided  mirror  by  a  set  of  stationary 
mirrors  \.>ee  fig.  11-7).  This  assembly  is  so  adjusted  that  the  collimated  light  from 
the  source  is  repeatedly  reflected  between  the  central  and  the  stationary  mirrors. 
Each  face  of  the  mirror  rotating  will;  angular  velocity  o>  adds  2N  to  the  -otational 
speed  of  the  emerging  li  rht  beam.  If  D  is  the  width  of  a  slit  in  the  image  plane,  and 
is  leas  than  ♦he  width  of  the  light  beam  8,  the  rrs  time  and  the  fall  time  of  the  pulse 
are  given  by 

D 

Trl,r  ~  2Nu>X 

and 

b-aD 

T drcay 

2  a).'. 

where  N  is  the  number  of  faces  on  die  rotating  mirror  and  X  its  c  stance  from  the  image. 
By  using  a  multisided  spinning  mirror  to  obtain  high  tangential  velocities,  it  is  pos¬ 
sible  to  substantially  reduce  the  radial  distance  from  the  spinning  mirror  to  the  detec¬ 
tor  over  that  required  in  a  construction  like  Fig.  11-6.  Using  mirror  optics  for  col¬ 
limating  the  light  source  permits  any  infrared  emitter  to  be  used.  With  a  0.5-mm 
wide  sensitive  element,  a  spinning- mirror  rotation  rate  of  10,000  rmp,  X=lm,  and 
N  =  6,  rise  times  of  30  nanosec  are  readily  available.  Using  a  tu: bine-drive  motor 
system  to  spin  the  mirror,  rotating  speeds  as  high  as  3000  rps  can  be  otained,  so  that 
pulse  rise  and  decay  time  of  less  than  1  nanosec  are  possible. 

Square  pulses  of  radiation  may  also  be  obtained  by  modulating  i rejection  lasers 
wit!’  square  pulses  of  current.  In  the  fashion  described  above,  the  rise  time  and 
decay  time  of  the  detector  can  then  be  observed. 


(11-8) 

(11-9) 
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Fig.  1 1-7.  Spinning  mirror-system  for  periodic 
light  pulse  generation  in  the  millimicrosecond 
range. 


Conditions  exist  where  signal-to- noise  ratios  of  close  to  or  less  than  unity  mu  t  be 
measured.  Examples  of  such  cases  follow.  (1)  Examination  of  fractionalmicrosecond 
signals  from  high-impedance  detectors.  The  measurement  technique  here  requires 
the  ac  loading  of  the  detector  (see  Fig.  11-46)  with  a  resistance  low  enough  to  provide 
flat  frequency  response  over  the  spectrum  of  interest.  (2)  Examir°tion  of  fractional- 
microsecond  signals  from  low-impcdance  detectors  such  as  indium  antimonide.  Thn 
measurement  is  difficult  because  the  noise  level  of  a  wideband  preamplifier  is  higher 
than  that  of  the  detector.  (3)  Reproduction  of  low-ievel  signals  caused  by  low-level 
radiation  sources,  as  for  wavelength -dependent  measurements. 

A  device  has  been  develope  ’  which  makes  measurement  in  these  cases  leadily  pos¬ 
sible,  and  with  signal -to-noise  ratios  less  than  1.  This  device  (often  filled  p  synchro¬ 
nous  detector)  applies  a  sampling  tecluiique  and  integration  (or  averaging)  to  the 
direct  measurement  of  the  shape  of  periodic  noise-limited  waveforms.  This  may  be 
compared  to  the  usual  coherent  detector  which  can  be  described  with  reference  to 
Fig  11-8.  Tbs  signal  wave  shape  is  periodic,  and  is  triggered  in  the  same  manner  that 
would  be  required  for  good  high-speed  oscillographic  reproduction;  the  noise  is  random. 
The  interval  At  represents  the  "on”  time  of  an  electronic  switch,  during  which  the 
signal  and  noise  voltage  is  fed  directly  into  an  integrator.  By  sampling  successive 
intervals  and  averaging,  it  is  possible  to  reduce  the  noise-voltage  fluctuation  ob  served 
at  the  integrator  output  without  affecting  the  signal  level.  Quantitatively,  the  noise- 
voltage  fluctuations  are  reduced  by  1/VN,  where  N  is  the  number  of  observations  made 
during  the  measurement.  The  signal-to-noise  voltage  ratio  is  then  improved  by  the 
square  root  of  N.  If  At  is  made  small  compared  to  the  signal  t;  snsient  time,  and  is 
slowly  and  uniformly  retarded  in  time  with  respect  to  signal  onset,  an  accurate  chart 
record  of  the  signal  wave  shape  may  be  produced  f!5j. 
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Fig.  11-8.  Signal,  nuic*.  and  gate 
relationship  in  waveshroc  recorder. 


11.4.5.  Spectral  Response.  Measurements  of  the  wavelength  dependence  of  infra¬ 
red  photodetectors  are  generally  made  with  an  expe  nmental  setup  like  the  one  illus¬ 
trated  in  Fig.  11-9. 

The  energy  flux  from  the  exit  slit  is  measured  at  each  wavelength  with  a  thermopile 
or  thermocouple.  As  the  wavelength  is  changed,  the  energy  fall.ng  on  the  thermo¬ 
couple  is  rasied  or  lowered  to  a  convenient  value  by  opening  or  closin  \  the  entrance 
slit  of  the  monochromator,  with  the  middle  and  exit  slits  usually  remaining  f  red. 
Once  this  level  is  set,  the  energy  flux  is  allowed  to  fall  onto  the  detector,  and  the  response 
is  then  obtained.  A  typical  relative  response  curve  from  Corona  is  shown  in  Fig.  11-10. 
Generally,  the  chopping  rate  of  the  light  input  to  the  monochromator  is  10  to  13  epe, 
compatible  v-ith  the  response  characteristics  of  the  thermocouple.  However,  since 
most  photode  octors  show  considerable  improvement  of  NEP  at  higher  chopping  rates, 
it  is  advantageous  when  possible  to  modulate  the  spectral  radiation  at  frequencies 
of  about  200  cps.  At  Syracuse,  the  chopper  is  operated  at  208  epe,  and  the  detector 
signal  is  measured  by  feeding  it  through  a  filter  of  30-cps  bandwidth  tuned  to  208  epe 
to  a  preamplifier,  and  then  to  a  vacuum-tube  voltmeter.  At  the  low  chopping  frequency, 
the  detector  signal  is  fed  cirectly  into  the  amplifying  system  of  the  monochromator. 


Fig.  11-9.  Block  diagram  test  circuit  used 
for  measuring  detector  response 
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Fig.  11-10.  Typical  detector  relative  spectral  response. 


Along  with  the  measured  relative  spectral  response  cui~e,  it  is  important  that  the 
detector  user  be  provided  with  an  absolute  calibration  sufficiently  universal  that  the 
spectral  dependence  of  figures  of  merit  such  as  NEP  and  D*  can  be  readily  derived. 
The  information  available  from  the  measurements  of  NEP  a  id  relative  spe^rtral  re¬ 
sponse,  and  the  theoretical  law  for  blackbody  spectral  radiation  distribution,  are 
sufficient  to  provide  the  absolute  calibration. 

Absolute  spectral  measurements  may  be  obtained  using  a  calibrated  thermocouple. 
However,  the  detector  being  measured  must  be  placed  at  a  point  in  the  monochromatic 
beam,  where  it  receives  the  same  energy  as  the  calibrated  thermocouple.  Since  this 
is  difficult  to  do  in  practice,  a  more  suitable  method  is  ronmen.  In  this  method  use 
is  made  of  the  relationship 

D*{\f0)  =  AT?*,'  01-10) 


where  Rx  is  the  relative  response  and  K  is  a  proportionality  constant  expressed  as 


r  _  D*(  Thk,  fn) 
2 '  FxtRx, 


(11-11) 


Here,  F>„  is  the  fraction  of  energy  in  a  particular  wavelength  interval  (AX)  of  the 
spectrum  of  the  blackbody  used  for  detectivity  measurements  nnd  corrected  for  the  radi  • 
ation  emitted  by  the  chopper  which  is  at  300°  K.  Values  of  Fx,  for  wavelengths  between 
1  and  30  n  are  given  in  Table  11-3.  More  general  tables  are  given  by  Lowan  and 
Blanch  [16].  The  constant  K  must  be  evaluated  for  each  detector. 
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Table  1 1-3.  Energy  Fractions  for  a  500°K 
Blaokbody  in  a  300"K  Susroundinc  Medium 


Wavelength  Interval  (/<.) 

I- 1.5 

1. 5- 2.0 
2.0-2. 5 
2  5-3.0 
3. 0-3. 5 

3. 5- 4.0 
4.0-4.5 

4.5- 5.0 
5. 0-5. 5 

5. 5- 6.0 

6.0-6. 5 

6.5- 7.0 
7.0-7  5 

7. 5- 8.0 
8.0-8.E 

8.5- 9  0 
9.0-3.5 

9.5- 10.0 
10.0-10.5 

10.5-11.0 

II- 12 

12- 13 

13- 14 

14- 15 

15- 16 

16- 17 

17- 18 

18- 19 

19- 20 

20- 22 

22-24 

24-26 

26-28 

28-30 


Energy  Fraction 
(500°  K  Mack  body) 

7  x  10  * 

3.7  x  10  « 
0.0032 
0.012 
0.024 

0.028 

0.050 

0.053 

0.062 

0.063 

0.061 
0  058 
0.051 
0.050 
0.045 

0.041 

0.037 

0.033 

0.029 

0.027 

0.045 

0.035 

0.029 

0.022 

0.019 

0.015 

0.013 

0.011 

0.0084 

0.015 

0.0097 

0.0072 

0.0058 

0.0029 


11.4.6.  Noise  Spectrum.  The  noise-voltage  spectrum  is  obtained  •*  th  the  system 
described  in  Section  15.3.1.  However,  the  light  scarce  is  removed  and  the  noise 
voltage  is  obtained  by  simply  leading  the  voltage  at  the  wave  analyzer.  A  typical 
plot  of  noise  spectrum  is  shown  in  Fig.  li-11 

11.4.7.  Seneitiviiy  Contours.  If  a  microscopic  ray  of  light  is  projected  onto  the 
surface  of  a  photodetector,  and  the  photoresponse  recorded  as  a  function  of  the  ray  s 
position,  it  is  found  tha*  the  photo’esponse  generally  changes  v"‘u  the  ray’s  position 
The  su.face  of  the  detector  is  thus  rarely  uniform  in  its  photoresponse  The  film 
detectors  (lead  compound  family)  are  the  worse  offenders  in  this  regard  If  a  graph 
of  photoresponse  versus  light-ray  position  is  made,  and  points  of  equal  photo  response 
are  linker  together,  rhe  resultant  plot  provides  a  "sensitivity  •vnlour,”  illustrated  by 
Fig.  11-12. 
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F«g.  11-11.  Petector  noise  spectrum. 
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Fig.  11-12.  Sensitivity  contour  for  typical  PbSt  cell. 


At  Corona,  the  experimental  arrangement  to  obtain  sensitivity  contours  uses  a 
microtable  which  allows  the  cell  to  be  moved  a  s  tall  measured  amount.  The  table 
is  United  through  a  system  of  giars  to  a  plotting  table  which  gives  an  increase  in  the 
scale  up  to  36:1.  The  exciting  radiation  is  from  an  incandescent  tungsten  bulb  chopped 
at  90  cps;  it  is  passed  in  reverse  through  a  microscope  such  that  a  spot  0.066  mm  in 
diameter  is  focused  onto  the  detector.  As  the  detector  is  moved  beneath  this  radiation, 
the  relative  response  at  10%  intervals  is  noted  on  the  plotting  table.  Lines  connecting 
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equal  points  of  sensitivity  are  then  drawn  to  obtain  a  plot  such  as  Fig.  11-12.  This 
light-probe  technique  is  also  important  for  its  utility  in  fundamental  research  programs 
on  detector  materials,  where  it  is  used  in  studi »  of  diffusion  length,  time  constant, 
and  mobility  [17]. 

11.4.8.  General  Comments.  A  summation  of  data  necessary  to  evaluate  a  detector 
is  shown  in  Fig.  11-10.  which  consists  of  a  typical  data  sheet  from  an  NOLC  report. 
The  definitions  of  the  various  parameters  are  listed  in  Table  11-1.  Data  on  specific 
detectors  is  in  Section  11.2. 


TEST  RESULTS  CONDITIONS  OF  MEASUREMENT 


R  (volts,  watt) 

(500,  90) 

4.1  x  104 

Blacibody  temperature 

(°K) 

500 

H  (watts/cpi a1//2  •  cm2) 

N  (500,  90} 

p 

Blackbody  flux  density 
(pwatts/cm^,  rut) 

6.0 

8.8  x  10 

Chopping  frequency 

90 

PN  (watta/cpe1'^2) 

(500  ,  90) 

5.6  x  10‘U 

(cps) 

Noise  bandwldtn  (cps) 

5 

D  tcm-cps  ) 

1.4  x  109 

Cell  temperature  (°K! 

197 

(500,  90) 

Cell  current  foi 

7.0 

Responsive  time 

2C 

90-cps  data  (pa) 

constant  (psec) 

Cell  curret.*  for 

D*  (ua) 

20.0 

mm 

max 

9.1 

a 

*bb 

Load  resistance  (ohms) 

2.5  -  10° 

Transformer 

•  •  . 

Peak  wavelength  (ti) 

Peak  detective  modu¬ 

2.2 

4  x  103 

Relative  humidity  (%) 

16 

lation  frequency  (cps; 

Dmin*cm  cp*  '^/watt) 

Responsive  plane 
(from  window) 

... 

2.8  x  1010 

Ambient  temperature 

(°C) 

24 

CELL  DESCRIPTION 

Ambient  radiation 
on  detector 

297°K  only 

Type 

PbSe  (evap.) 

Shape  of  senalUve 
area  (cm) 

0.038  x  0.168 

Area  (cm2) 

6.3  x  )0"3 

Dark  resistance 
(ohms) 

1.64  x  10® 

Dynamic  realstance 
(ohm* ) 

Field  of  view 

... 

Wlnocw  material 

Sapphire 

Fig.  11-13.  Detector  data  sheet  ( from  NOLC  Report  564). 


11.5.  Theoretical  Limit  of  Detectivity 

The  optimal  performance  of  an  infrared  detector  would  occur  when  the  inherent 
detector  noise  was  negligible  compared  to  the  noise  induced  in  the  detector  by  the 
random  arrival  rau.  of  photons  coming  from  the  target.  Thus  far,  to  the  author's 
knowledge,  this  ultimate  performance  has  not  been  realized.  There  are,  however, 
a  number  of  commercially  available  inirared  detectors  which  under  the  proper  operating 
conditions  have  a  limiting  noise  due  to  the  random  arrival  rate  of  photons  from  he 
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background.  The  background  is  composed  of  the  a(  nosphere,  spectral  filter,  window 
material,  mirrors,  and  other  objects  besides  the  target  in  the  field  of  view.  Detectors 
which  can  give  this  type  of  performance  include  PbS,  FbSe,  InAs,  InSh,  Ge:Hg,  Ge:Ou, 
Ge:Cd,  Ge-Si:Au,  Etna  Ge-SiZr. 

11.5.1.  Derivation  of  D-'for  Photon  Noise  Limitation.  According  to  Planck’s  law, 
the  power  radiated  into  a  hemisphere  per  unit  wavelength  from  a  t’ackbody  is  given  by 

r\  =  (2 nc'h)k  1  (11-12) 

Since  there  are  k/hc  photons  sec  1  w  1  at  wavelength  X,  the  number  cf  photons  sec  1 
cm  1  n  1  can  be  expressed  as 

n(k)  —  (2TTc)k~*(ehrUkT  —  2 )  1  (11-13' 

where  n(X)  can  be  thought  of  as  the  average  number  of  photons.  According  u>  the 
Bose-Einstein  relation,  the  mean  square  fluctuation  in  the  number  of  photons  is  given  by 

-  _/  v 


_  _  '  A K  I  v 


111-14) 


where  n  is  the  average  number  .of  photons.  Therefore  the  mean  square  fluctuation 
(in  photons)  of  wavelength  X  emitted  by  a  blackbody  becomes 


(An1).  = 


X4  (ghriKkT  _  1)  (ghr  kkT  _  d 


Since  the  detectors  mentioned  above  are  sensitive  to  wavelengths  shorter  than  30  /x, 
hclk  >>  kT,  which  means  that  exp  ( kcikkT )  >>  1,  and  this  pe.  mit3  the  following 
approximation: 


,  t — y,  2  vc 

(A n*)k  ~  -jj-  e 


(11-15) 


To  find  the  total  mean  square  photons  in  the  spectral  region  to  which  the  detector  is 
sensitive,  we  must  integrate  the  above  expression: 


A n*  **  2nc  f  \  *  e~kclxkT  dk 


i  U-16) 


Therefore 


An1  *■  2i tc 


rr_/*7’\*  2k7  1  1 

L2(*c  )  + /icXr+  Xr’J 


The  rrns  fluctuations  in  the  electrical  bandwidth  A/-  and  a  detector  area  A  is  given  by 


V2  A/’AhMt, 

where  n  is  the  quantum  efficiency  of  the  responsive  element.  The  generation  rate 
(G.)  of  carriers  due  to  Bignai  photons  is  given  by 

a-h'p‘ 

where  P,  is  the  incident  signal  power  in  rms  watts.  For  a  eignal-t»v  noise  ratio  of  unity, 
G,  must  be  the  same  as  the  generation  rate  due  to  the  noise  Bource,  or 

X17P .  > - = - 

—7 —  =  V2  A/AhMtj 
he 

P,  is  therefore  the  signal  power  necessary  to  produce  a  signal-to-noise  ratio  of  unity, 
and  is  by  definition  the  NEP. 
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Substituting  in  the  expression  for  An*  one  obtains  the  theoretical  limit  of  NEP. 


jAvkT  A f  .  T 

NEP  =  2  J — - - - 

'  r)h 


kT 2  2*T  1  li 

2—  +- - f 

nc  /icXr  Xr 


y 


(11-17) 


Using  the  definition  of  D*  from  Table  11-1  and  the  above  expression: 


D*  “  2  V*  -  ^ 


fTT 

^nkT 


helix  kT 


/kT\l  2kT  1  ] 

2  — -  4— — 4  — 

.  \hc /  X,./tc  Xr  . 


1/2 


(11-18) 


For  this  derivation  a  detector  with  a  viewing  solid  angle  of  n  steradians  is  assumed. 
If  the  viewed  solid  angle,  il,  has  circuit  symmetry,  it  can  be  expressed  in  terms  of  the 
cone  angle  as  follows 

O  =  it  sin*(0/2)  (11-19) 


wl.ere  6  is  the  full  cone  angle.  The  dependence  of  D*  upon  this  cone  angle  becomes 


D" 


J  rw  /*TXA*  2 kTK  V'1  /  .  0\ 

f  21  — - — - )  4  — r — - 4  1  Xr  sin1-) 

2  V-r kT  .  \  he  he  \  2 


(11-20) 


F  rom  Eq.  (11-20)  one  can  observe  the  effects  of  field  of  view  or  changes  in  X,-  upon  D*. 
The  effect  of  changing  the  field  of  view  can  be  seen  in  Fig.  11-14.  Here  the  relative 
value  of  D*  is  plotted  as  a  function  of  the  cone  angle  6.  Figure  11-15  gives  D*  at  Xp 
as  a  function  of  long-wavelength  cutoff  with  background  temperature  as  a  parameter. 
Equations  (11-19)  and  (11-20)  and  Fig.  11-14  and  11-15  as  they  are  apply  to  photo- 
emissive  and  photovoltaic  detectors.  For  photoconductive  detectors,  which  are  sen¬ 
sitive  to  the  population  of  carriers  in  the  conduction  band  and  for  which  the  fluctuation 
in  recombination  rates  is  significant,  Eq.  (11-20)  must  be  divided  by  V2  and  the  neces¬ 
sary  scaling  adjustment  must  be  made  on  the  figures. 

Similar  calculations  can  be  made  for  thermal  detectors  which  are  limited  by  the 
fluctuations  in  the  absorbed  power.  However,  in  this  case  one  must  also  consider  the 


Tic.  11-14  D *  and  D ,*  as  s  function 
of  angular  field  of  view. 
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CUTOFF  WAVELENGTH  (ji) 


Fig.  11-15.  D„ *  versus  long  wavelength  cutoff 
for  background  limited  detection. 

contribution  to  the  noise  made  by  random  luctuations  in  the  power  emitted  by  the 
detector.  The  resulting  equation  for  D*  is 

4  x  lO14*1'* 

D* =  (tv  +  t7)'»  cm  (cp8)  w  '  (11'21) 

where  T2  is  the  background  temperature,  T ,  is  the  detector  temperature,  and  c  is  the 
emissivity  of  the  sensitive  element.  Figure  11  16  presents  D*  for  photon-noise-limited 
thermal  detectors  with  detector  temperature  as  a  parameter.  These  results  assume 
a  180°  field  of  view  and  an  infinite  spectral  response.  When  cooled  spectral  filters 
are  used  to  limit  the  radiation  striking  the  sensitive  element  to  a  narrow  spectral 
bandwidth,  the  theoretical  limit  of  D*  approaches  that  of  a  photodetector  sensitive 
to  the  same  narrow  spectral  region. 

U.5.2.  System  Design  Considerations.  When  detectors  are  limited  by  the  random 
arrival  rate  of  background  photons,  a  number  of  interesting  problems  arise.  Equation 
(11-20)  indicates  that  decreasing  the  detector  field  of  view  (reducing  r)  and  decreasing 
the  background  temperature  T,  will  lead  to  considerable  enhancements  in  D*  In 
using  this  equation  one  must  keep  in  mind  that  detector  noise  output  contains  (1' 
generation-recombination,  (2)  Johnson,  and  (3)  1/;"  noises.  Also,  one  must  recall  that 
the  detector  resistance  (for  detectors  which  utilize  changes  ir  conductivity)  is  related 
to  the  number  of  background  photons  by  R  -  1  In,  One  can  see  then  that  reducing 
6  and  T  will  reduce  the  photon  noise,  but  1  If  and  the  lattice  contribution  to  generation- 
recombination  noise  will  be  unaffected.  However,  Johnson  noise  (J.N.)  will  increase 
in  the  following  way. 

Vj  V  *  VikfJf-  yf^ 
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0  100  200  300  400  500  600 

t2  (°K) 

Fig.  11-16.  Photon-noise-limited  D*  of  ther¬ 
mal  detectors  aa  a  function  of  detector  tempera 
ture  T,  a. id  background  temperature  TV 


One  finds  then  that  reducing  0  to  enhance  D*  ij  possible  within  limits  set  by  the  other 
noise  sources. 

Three  other  effects  occur  which  hamper  the  ir  ipiementation  of  this  enhanced  detector 
performance.  They  are:  an  increased  time  constant  due  to  reduction  in  background 
photon  rate,  the  unwieldy,  high  value  of  R,  and  the  resulting  low  noise  from  the  detec¬ 
tor.  The  first  problem  sets  a  limit  to  scanning  and  tracking  modes.  The  high  re¬ 
sistance  requires  special  care  in  designing  the  bias  circuit  and  also  in  selecting  the 
preamplifier.  The  reduced  detector  noise  output  p’aces  s  further  requirement  on  tiie 
preamplifier;  i.e,  it  must  have  a  lower  noise  level  than  the  detector  to  insure  detec¬ 
tor  noise  limited  performance  -  a  necessary  condi- ion  to  realize  the  full  enhancements 
in  D*.  It  may  be  necessary  to  cool  the  preamp1' “  -*r  to  achieve  this. 

In  view  of  the  above  discussion,  it  is  apparent  tnat  D *  may  be  improved  by  adjusting 
certain  parameters,  but  real ’ring  this  improvement  is  by  no  means  a  simple  task. 
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12,  Detector  Cooling  Systems 


12.1.  General 

The  proper  operating  temperature  for  an  infraied  detector  is  determined  by  studying 
the  effect  of  temperature  on  the  detector  parameters,  and  selecting  the  temperature 
that  provides  ihe  optimum  results  for  the  detector  under  consideration.  Currently, 
the  operating  temperature  of  infrared  detectors  ranges  from  1.2°  K  for  impurity 
activated  indium  antimonide,  to  ambient  room  temperature  of  300°  K,  and  above,  for 
certain  types  of  lead  salts.  The  major  requirements  of  a  detector  cooling  system  are: 
long  operating  time,  stable  temperatures,  light  weight,  small  s.ze,  and  maximum 
reliability.  Baths  of  liquefied  gases  are  the  most  frequently  used  method  of  providing 
lew  temperatures  because  of  their  simplicity  of  design  and  compactness  [  1  ]. 

12.1.1.  Limitations  of  Fluid  Cooling.  The  temperature  ranges  available  using 
baths  of  liquefied  gases  are  shown  in  Fig.  121.  In  principle,  a  liquefied  gas  can  provide 
co’  stant  temperature  from  the  triple  poini  to  the  critical  point;  however,  except  for 

C?  154.78/50.14  CP  126.18/33.54 


Fig.  12-1.  Temperature  range  of  selected  low-temperature  liquids 
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special  applications,  the  tailing  point  is  the  usual  upper  limit.  As  may  be  seen  from 
Fig  12-1,  liquefied  gases  do  not  exist  over  the  entire  temperature  range;  the  lowest 
temperature  at  which  it  is  practical  to  use  a  liquid  bath  is0.d°K,  and  gaps  exist  between 
4°  and  14°K,  and  between  30°  and  55°K.  When  a  gas  is  atave  its  critical  point,,  it  can 
be  made  to  coo!  at  a  temperature  below  its  inversion  temperature  by  adjusting  the  gas 
flow  to  balance  the  refrigeration  produced  against  the  heat  ioad.  Temperature  stability 
is  sacrificed  in  operation  above  the  critical  point  because  the  heat  capacity  of  gas,  as 
compsred  to  its  liquid  state,  is  small.  Variation  in  the  heat  load  therefore  creates 
variation  in  temperature. 

The  temperature  of  the  liquid  bath  can  be  varied,  as  shown  in  Fig.  12-1,  by  changing 
the  pressure  above  the  liquid  by  means  of  a  pump  and  throttle  valve.  The  stabiliza¬ 
tion  of  a  temoerature  by  holding  constant  the  pressure  above  the  liquid  is  directly 
related  to  the  vaporization-temperature  history  of  the  liquid.  Within  the  range  from 
the  triple  point  to  the  critical  point,  any  desired  bath  temperature  can  be  maintained 
by  holding  the  pressure  constant.  At  the  same  time  the  pumping  rate  is  adjusted  to 
remove  precisely  the  amount  of  gas  vaporized  by  heat  leak  into  the  bath.  The  cryogenic 
data  for  most  gases  are  given  in  Table  12-1. 

Even)  aally,  all  baths  of  liquefied  gases  boil  away  because  of  heat  leaks  caused  by  the 
processes  of  conduction,  convection,  and  radiation.  These  processes  usually  operate 
simultaneously;  however,  it  is  often  possible  to  reduce  to  a  negligible  amount  the  con¬ 
tribution  of  all  but  that  due  to  conduction  along  the  solid  supports,  leads,  piping,  glass 
walls,  and  the  insulation  itself.  The  properties  of  some  selected,  highly  efficient 
insulating  materials  suftable  for  use  at  low  temperatures  are  given  in  Table  12-2. 


Table  12-1.  Cryogenic  Data  (2). 


Boiling  Melting 
Point  Point 

1  Atm  1  Atm 

no  ck' 

Liquid 

Density 

a  bp 

(kg/ml 
x  10*) 

Got 

Density 
at  273"K 
k  1  Atm 
(kg/ ml 
x  10*) 

Vapor 
Density 
at  bp 
(kg/ml 
x  10»t 

Vapor 

Pressure 

Solid 
u  t  mp 
(mm) 

Heat  of 
Vapor 
at  bp 
(joulea/ 
kg  x  10  •) 

Heat  of 
Fusion 
at  mp 
(jotilaa/ 
kg  x  10  *) 

Critical 

Tempera- 

lures 

CK) 

Critical 

Pressure 

(atm) 

Critical 
Volume 
(liter/kg 
X  10  *) 

He* 

3.2 

126  atm) 

_ 

— 

— 

_ 

- 

- 

- 

- 

!le‘ 

4.2 

(29  atm) 

0.126 

0.1785 

17  0 

- 

20.5 

4.183 

52 

226 

0.0144 

H, 

20.39 

13.98 

0.071 

0  0899 

1.286 

54.0 

44.8 

68.15 

33  19 

12.98 

0  03321 

D, 

23.6 

18.7 

0.173 

0  187 

2.58 

12  8 

286 

50 

38 -3 

16.2 

00142 

T, 

26.1 

21.6 

- 

- 

- 

188 

- 

- 

43.7 

20.8 

0.0089 

Ne 

27.2 

24.47 

1.2 

0.901 

9.5 

323 

87 

18.72 

44.5 

268 

0  002 

N, 

77  37 

63.4 

0808 

1.250 

4.416 

96.5 

199 

26.62 

126.1 

S3  6 

0  00321 

CO 

81.6 

68 

0  312 

1.186 

- 

- 

213.6 

29  27 

133.8 

35 

0  0032 

F, 

86  24 

538 

1.613 

i.71 

- 

0.1 

171.6 

134 

144  8 

65 

- 

A 

87.4 

836 

1.391 

1.78 

6.03 

518 

182.7 

28  05 

160.8 

48 

0  0019 

0, 

90.1 

54.9 

1.14 

1.43 

4.76 

2 

212.5 

13.8 

164.1 

501 

0  0023 

CH, 

111.7 

90.7 

0.425 

072 

1.76 

71 

581 

60.26 

190.5 

45.8 

G.-X-S 

K- 

1203 

118 

24 

3.76 

8.33 

550 

108 

16.3 

209.3 

545 

- 

R.iCF, 

145  14 

89.5 

1.82 

- 

7.2 

- 

134.8 

- 

227.5 

37 

- 

0, 

161.3 

805 

1.46 

2.14 

- 

- 

.318 

13.8 

2611 

54.8 

000306 

X? 

1663 

150.5 

3.1 

5.93 

9  77 

815 

96  26 

119.1 

290 

58 

000083 

CiH, 

1693 

104 

0.578 

1  19 

208 

- 

481 

148.6 

282.8 

50.9 

00045 

N,0 

1836 

183 

1.23 

1.84 

- 

868 

260.6 

95 

309  7 

7)  7 

0  0022 

C,H. 

184.8 

90 

0.662 

1  28 

0.32 

- 

490 

96.25 

306 

48.8 

0.0048 

C,H, 

189.1 

191  2 

0.623 

1  09 

- 

- 

918 

- 

309 

82 

- 

RuCClFi 

192 

91.6 

1.506 

- 

7.9 

- 

146.4 

179  9 

302 

3  9 

CO, 

194.3 

215.7 

1.61 

1.87 

- 

- 

674 

71.8 

304.5 

73 

0.0022 

C.H, 

228  1 

77.6 

0  604 

1.78 

- 

- 

439.6 

- 

365 

45 

- 

RnCHClF, 

232.6 

113 

1.414 

21  3 

4.65 

- 

235 

36  16 

369 

48  7 

- 

NH, 

239.8 

195 

0.683 

0.77 

0.898 

45 

1363 

- 

405 

1)1.2 

0  0042 

R..CCLF, 

243  1 

118 

1.488 

17.7 

8.25 

- 

167.2 

- 

384 

398 

- 

CHaCl 

2494 

0.993 

593 

2.56 

- 

427 

- 

- 

- 

- 

SO, 

283.1 

198 

0.80 

4.49 

3.2 

- 

388 

- 

430 

77.7 

0.002 

cat,. 

272.5 

- 

253 

- 

- 

- 

- 

426 

36 

- 

RuCCl»F 

296.8 

162.7 

1.48 

2.47 

5.93 

- 

237.3 

- 

471 

43  ’ 

- 

C.H. 

230.8 

86.9 

0.696 

1  92 

206 

- 

342 

799 

370 

42 

- 
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Table  12-2.  Physical  °ropertifs  *:f  Selected  Cryogenic  Insulation  [2,3], 


Insulation 

Pressure 
mm  Hg) 

Temperature 

Range 

(°K) 

Mean  Thermal 
Conductivity 
ip.'N  cm  1  °K) 

Laminae  (Cryenco) 

to-« 

300-77 

0.5-2 

Opacified  Silica  Aero  Gel 

10  1 

300-77 

2-7 

Silica  Aero  Gel 

10  s 

78-20 

2 

Silica  Aero  Gel 

K  ’ 

300-77 

20-25 

Perlite 

I'V  * 

300-77 

6.5  11 

Perlite  -  30  mesh 

760 

300-77 

330 

Perlite  -  80  mech 

*■  10s 

300-77 

10.5 

Fiber-Type  Glass  Fiber 

10- 2 

422 

58 

Heat-Felted  Glass  Fiber  (AA  Fib  r) 

10  1 

300-77 

7.1 

Laminated  Type  (Linde  SI— S) 

- 

300-88.5 

0.4 

NRC-I 

O 

i 

V 

300-20 

0.9-1 

0.008-in.  glass  paper,  0.0023-in. 
aluminum  foil  -  55  shields/in. 

<i0s 

300-20 

0.4 

12.1.?.  Cooling  System  Design  Criteria.  The  main  variables  entering  into  the 
design  of  the  particular  infrared  cooling  system  are: 

1.  Refrigeration  bad 

а.  Radiation  load  on  cooled  surfaces 

б.  Conduction  leaks  through  mechanical  suppcrtp 

c.  Conduction  leaks  through  elecirical  leads 

d.  Cell  bias  power 

2.  Operating  time  at  rated  load 

3.  Standby  time  with  no  refrigerant  ?ew 

4.  Cooling  temperature  anu  tolerances 

5.  Environmental  operating  conditions 

6.  Weight  and  soaca  requirements 

7.  Detector  cell  configuration  and  dimensions 

8  Length  and  type  of  feed  lines  (especially  critical  in  liquid  transfer  coolers) 

Once  this  itJormation  has  been  obtained,  a  choice  can  be  made  as  to  the  type  and 
the  capacity  of  the  cooling  sys*ern. 

12.2.  Typer  ot  !><e  lector  Cooling  Systems 

The  five  types  of  detector  cooling  systems  are:  direct  contact,  Joule-Thomc .  n,  ex¬ 
pansion-engine,  thermoelectric,  and  magneto-theimodynamic.  Of  the  five,  three  are 
primarily  mechanical,  one  is  electrical,  and  one  is  magnetic  The  three  mechanical 
ool'iig  systems  can  he  further  clasJfvd  as  open  or  closed  cycle,  depending  on  whet  .er 
the  evaporated  coolant  is  vented  to  the  rurroundi.  gs  or  recycled.  Magneto-thermo¬ 
dynamic  cooling,  although  e  premising  process  for  the  generation  of  temperatures 
aoproaching  a  few  microdegrees  Kelvin,  is  not  currently  used  for  detector  cooling 
because  the  state  of  the  art  is  such  thrt  constant  low  temperatures  cannot  be  maintained 
for  any  'ength  of  ame.  Table  12-3  lists  the  characteristics  of  the  various  tyj  of 
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Table  12-3.  Infrared  Detector  Cooling  Systems  Characteristics 


C  <c‘er 

Type 

Temperature 

Range 

CK) 

Cooling  Capacity 
(watts) 

Power  Input 
(watts) 

Cooldown 

Time 

(min) 

Direct  Contact 

Integral 

4.2-77 

0.05-10 

None1 

0-15 

Liquid  feed 

4.2-77 

0  06-10 

None1 

0.05  15 

Joule-Thomaon 

Single  stage, 
open  cycle 

20-8C 

001  6 

None1 

1-6 

Multiple  stage, 
open  cycle 

4.2-27 

5-20 

None1 

5-20 

Single  or  multistage 
clotted  cycle 

4.2-77 

1.0-30 

250-1000 

5-30 

Expansion 

Engine 

Piston-Regenerator 

30-300 

0.01-1.0 

400-800 

3-10 

Displacer- 

Itegenerator 

30-300 

1-10 

200-300 

5-10 

Tu.'bme 

30-300 

1.5  5 

400-600 

5-10 

Thermoelectric 

Single  stage 

250-3001 

0.01-0.2 

0.o-3 

2 

Cascaded  multiple 
stages 

195- 25C* 

0.01-0.02 

1-5 

2 

1 


524 


DETECTOR  COOLING  SYSTEMS 


Table  12-3.  Infrared  Detector  Cooling  Systems  Characteristics  (Continued) 


Cooler 

Design  Features 

Design  Limitations 

Direct  Contact 

Excellent  reliability,  light  weight, 
small  bulk.,  low  pressures’ 

Short  operating  time  limited  by  liquid 
capacity:  standby  time  limited  by  evap¬ 
oration  rate 

Excellent  reliability,  remote  cooling, 
light  weight,  small  bulk,  simplified 
installation  problems,  low  pressures’ 

Shor  operating  time  limited  by  liquid 
capacity;  standby  time  limited  by  evap¬ 
oration  rate,  losses  in  transfei  lines 

Joule-Thomson 

Remote  cooling,  light  and  small  cool¬ 
ing  head,  simplified  installation 
problems’ 

Easily  clogged;  requires  high  pressures 
and  flow  rates;  high  leakage  and  con¬ 
tamination;  short  operating  time  lim¬ 
ited  by  tank  capacity;  only  portion  of 
tank  used  because  of  pressure  drop 

Low  temperatures  obtained,  remote 
cooling,  light  and  small  cooling 

I  rad,  simplified  installation  prob¬ 
lems’ 

Need.*;  precooling  with  separate  gaa  eye!  , 
easily  clogged;  nvuires  high  pressures 
and  flow  rates;  high  leakage  and  con¬ 
tamination,  short  operating  time  lim¬ 
ited  bv  tank  capacity;  only  portion  of 
tank  used  becauie  of  pressure  drop 

Continuous  duty,  long  operating 
time,  low  temperatures  obtained, 
remote  oooling,  light  and  small  cool¬ 
ing  head,  simplified  installation 
problems 

Require,  highly  loaded,  high-pressure, 
noncontaminatin  f  compressor;  poor  life 
and  nonreliable;  needs  precooling  for 
low  temperatures;  easily  clogged;  high 
leakage  and  contamination 

Expansion 

Engine 

Continuous  duty,  long  operating 
time,  low  pressures 

Requires  noncontaminating  compressor, 
great  wear  and  constant  friction  in  ex¬ 
pander,  high  leakage  around  expander 
valves;  low  regenerator  efficiency,  roi- 
cronhonics 

No  valves  required,  cent,  nuous  duty, 
long  operating  time,  low  pressures, 
low  friction  with  gas  bearings 

Great  wear  and  constant  friction  between 
piston,  displacer,  and  cylinder;  poor 
compression;  low  regenerator  efficiency; 
miciophonics 

No  valves  required,  continuous  duty, 
long  operating  time,  lev  pressures, 
low  friction  with  gas  bearings 

Requires  high  flow  rate  meens  of  re¬ 
moving  work  done  on  turbine,  separate 
compressor:  strong  mechanical  construc¬ 
tion  required  because  of  high  speed 

Thennoeiectric 

Excellent  reliability,  static  operation, 
light  weight,  very  small,  long  life 

Relatively  high-temperature  operation; 
lev  cooling  capacity;  h«rd  to  obtain 
operating  voltages  and  currents 

Excellent  reliability,  static  operation, 
light  weight,  very  small,  ’ong  life, 
lower  temperatures 

Relatively  high-temperature  operation, 
very  low  cooling  capacity 

'May  require  20  to  100  w  for  »torig*-Unh  hoitei  and  for  control  »ysten. 

’Site  and  weight  of  complete  lyatem  depend*  on  (toragt-tank  capacity  and  operating  time 
’Lower  temperature*  will  be  available  when  more  efficient  thermoelectric  material*  u>"  nveatigation  are 
developed. 
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detector  cooling  systems  presently  available  commeiciaily.  Manufacturers  of  defector 
coolers  are  listed  at  the  eno  of  this  chapter.  The  temperature  ranges  of  these  systems 
are  shown  in  Fig.  12-2.  For  i  e  mechanical  cooling  systems,  the  temperature  range 
is  dependent  on  the  fluid  used.  The  range  of  the  common  liquids  is  shown;  however, 
other  fluids  and  custom-built  designs  can  broaden  these  iimits. 


12.2.1.  Direct-Contact  Coolers.  There  are  two  types  of  direct-contact  coolers: 
Integra'  and  liquid  feed.  The  integral  cooler  is  the  most  common  of  all  cooling  systems. 
In  its  simplest  form,  it  consists  of  nothing  more  than  a  detector  dewar  into  which 
the  coolant  is  poured.  The  liquid-feed  cooler  is  a  more  involved  version  of  the  basic 
direct-contact  cooler.  The  coolant  liquid  is  fed  from  a  liquid  storage  tank  through 
transfer  lines  to  the  cooling  head.  The  principal  advantage  of  the  liquid-feed  cooler 
is  its  installation  flexibility;  the  cooiing  head  can  be  mounted  remote  from  the  liquid- 
storage  container.  Table  12-4  lists  specific  models  of  commercially  available  direct- 
contact  coolers. 
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Table  12-4.  Liquid-Transfer  Coolers. 


Manufacturer 

Model 

Type 

Coolant 

Capacity 

(liters) 

Open  in « 
Temper  itur* 

CK. 

Cooldown 

Time 

(min) 

Ai  Research 

134338-1 

Liquid  feed 

N, 

5.0 

77 

a 

134642 

1 

N, 

1.5 

77 

3 

134548 

1 

1.0 

3 

ITT 

Liquid  feed 

N, 

1.83 

77 

<2 

LNJ-1 

Integral 

N, 

0.174 

77 

a 

LNI-13 

0.282 

uNI-18 

0.198 

LN'1-3 

0.902 

LNI-4 

0.174 

LNI-5 

0  209 

LNI-12 

Ne 

0.777 

27 

LNI-15 

Ne/He 

0.395 

Ne— 27 

N, 

0.062 

He=4 

LNl-28 

Ne/He 

1.33 

N, 

0.460 

LNL9 

N, 

1.181 

T 

7 

LNF-2 

Liquid  feed 

i 

I 

J. 

1  524 

6 

LNF-3 

0.456 

- 

LNF-i 

3.159 

77-166 

LNF-5 

3.159 

7 

7 

INF-6 

C.319 

LNF-12 

0  405 

LNF-13 

1.128 

Raytheon 

QKN  748  A  1003 

Integral/liquid  feed 

N, 

0.00005 

77 

a 

QKN  8C4  A  1004 

1 

0.00119 

i 

QKN  1204 

Integral 

0.045 

65-77 

QKN  120.7 

0.007 

QKN  1206  1207 

Integral/liquid  feed 

Ne/He 

0.05/0.5 

Ne— 27 

A  1208 

N, 

He— 4 

Storage  dewar 

l 

i 

1 

Transfer 

Liquid  feed 

N. 

0  147 

77 

2 

Pumped  transfer 

i 

1 

69 

2 

SBRC 

LNI-E 

Liquid  feed 

N, 

1  5 

77 

<i 

alio  1  A  3 

Hughes 

DP-099 

Liquid  feed 

N, 

1.356 

77 

<3 

Aircraft  Co 

DP-001 

Liquid  feed 

N, 

1.163 

77 

<3 

AP-111 

Liquid  feed 

N, 

3.172 

77 

<3 
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Table  12-4.  Liquid-Transfer  Coolers  (Continued). 


Standby 

Time 

(hr) 

Evxporatwn 
Rate 
(kg  'hr) 

Operating 

Time 

(hr) 

Method  of  Rilling 

Length 

(m) 

Diameter 

(ml 

Weight 

Empty/ 

{kg) 

Full 

'kg) 

24 

0.0081 

30-50 

Pre  sure  hues 

0.254 

0.28 

3.4 

7  5 

24 

0.0136 

6 

| 

0.406 

0.1 27 

1  59 

2.94 

24 

0.00906 

3.5 

i 

0.178 

0.1525 

2.27 

3.08 

83 

0.0181 

0.3 

Pour  or  treasure 

0.292 

0.1568 

2.72 

4  2 

8.5 

0.0168 

85 

Pour 

0.1015 

0.076 

0  202 

0  344 

8.0 

0.0281 

8.C 

Insulated  fill  lines 

0  146 

0.1175 

1.81 

2.02 

e.o 

0.0199 

8.0 

Pour 

0.133 

0.0761 

0.226 

0  386 

29.0 

0.025 

29.0 

0.33 

0.089 

0.78 

1  455 

10.0 

0014 

10.0 

0.1365 

0.0794 

0.163 

0.304 

9.0 

0.0186 

9.0 

l 

0.2255 

0.0761 

0.286 

0.454 

8.0 

0.0785 

8.0 

Insulated  fill  lines 

0.203 

0.1175 

2.0< 

2.66 

Ne=100' 

Ne=0  00464 

Ne= 

=  IOC¬ 

Insulated  fill  lines, 

0.277 

0  089 

0.955 

d 

He=3' 

He=0.0168 

Hj= 

S' 

pour  for  shield 

I 

Ne=190' 

Ne=C0081 

Ne= 

-190' 

0.394 

0.127 

1.585 

i 

He=5.75' 

He=0.029 

He-5.75' 

, 

2.0 

0.476 

20 

Pnur 

0.254 

0.1142 

1.61 

2.6 

24.0' 

0.0172 

1 

Pressure 

0.464 

0.1142 

1.36 

2.58 

24.0' 

0.0059 

Pour  or 

pressure 

0.254 

0.089 

0.905 

1.275 

204 

0  0122 

Pour 

0.222x0.1715 

- 

3.17 

5.61 

xO.343 

2J4 

0.0122 

0.343 

0  1525 

1.27 

381 

<1 

0.666 

0303 

0.089 

0  294 

0.7)2 

<1 

0.870 

l 

u.  306 

0089 

0  408 

0.735 

24 

0.02675 

3 

C  254 

0  1015 

1  585 

25 

Pour 

0.0444 

0.0127 

0911 

j 

0  0761 

0.0127 

0.020 

0.75 

1 

0.0701 

0019 

0.0113 

15 

i 

• 

0  0.0761 

0.919 

0.01)3  . 

8 

Insulated  fill  linea, 

0.4165 

0.1142 

34 

3  74 

pour  for  shield 

8 

Pou.  or  pressure 

0.383 

\1142 

2  78 

3  12 

48' 

0.2175’ 

5’ 

Pressure  lines 

0.508 

0.1525 

2  56 

3  44 

48' 

0.277’ 

4' 

l 

0.711 

0  203 

5.9 

7.08 

60 

8' 

Pressure  linos 

0  4835 

0.127 

2  04 

24 

0014 

4' 

Ins  isted  fill  Ines 

0.28 

0.135 

2.04 

3.18 

24 

0018 

4' 

Insul  tied  fill  'ines 

0.31  height 

0.29  width 

0  09  deoth 

3.22 

4.22 

24 

0028 

8 

Insulated  fill  lines 

0  42 

0  153 

3.98 

6  58 

•Cooled  concurrently  with  filling 
*  Depend*  or.  size  and  cone*  jction  of  cooling  head 
'Baaed  on  a  0.09-w  detector  and  electrical  lead  heat  load 
•Sum  of  empty  weight,  weight  of  shield  liquid,  and 
weight  of  inner  cell  liquid 

'Bared  on  0  02-w  detector  and  “I’ctrica!  lead  heat  ioad 


'Evaporation  *«-  cf  0.  .-7  •  kg/dsy.  0  816  kg  of  liquid  re- 
mei  ung  after  .  -  -hi  alandhy 
•Evaporation  rate  of  0  1405  kg/dav,  0  266  kg  of  liquid 
remaining  after  24-hc  'inndby 
“Dependent  on  flow  rate  and  heat  load 
Baaed  on  the  use  of  a  QKN  1004  dewar 
Bavd  on  a  1/2- w  heat  load 
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Tabu?  12 A.  L/quid-Transfer  Coolers  ( Continued ). 


Manufacturer 

Detector 

La>  ation 

Operating  Attitude 

Remarks 

Ai  Research 

External 

I 

i 

Vet  tical 

Horizontal 

Vertical 

Flow  controlled  by  heat  leak  pressure  buildup. 

Flow  controlled  hy  heat  leak  pressure  buildup. 

Flow  controlled  by  heat  leak  pressure  buildup. 

rrr 

External 

Vertical 

Flow  controlled  by  hi.it  leak  pressure  buildup;  transfer- 

head  cooling  tube  0.419  it'  long,  0.00635  m  id., 
weight  0.0396  kg. 


Linde 

Side 

Vertical 

Separate  fill  and  vent  porta 

Bottom 

Vertical 

Separate  fill  and  vent  valves. 

End 

Horizontal 

Combination  fill  and  vent  port. 

Tail,  sue 

Horizontal 

Separate  fill  and  vent  porta;  0. 1208-m  tail. 

Tail,  aide 

Horizontal 

Combination  fill  and  vent  port;  0.0635-m  tail. 

Tail,  bottom 

Vertical 

Separate  fill  and  vent  poris;  0  092-m  tail. 

Bottom 

Vertical 

Temperature  is  p  return  re  dependent,  cools  mosaic 

detectcrs. 

Bottom 

Vertical 

Double  cell  for  Ne  or  He  with  N,  shield. 

Bottom 

Vertical 

Double  cell  for  Ne  or  He  with  N»  shield 

End 

Horizontal 

Si.igie  cell;  used  to  cool  vidicon  tubes. 

External 

Horizontal 

Flow  controlled  by  electric  heater  preseure  buildup; 

1 

requires  24-v  dc,  115  w. 

Vertical 

Flow  controlled  by  orifice  valve 

Vertical 

Flow  controlled  by  bridge  circuit  and  valve  regulating 
pressure  buildup 

Vertical 

Flow  controlled  by  valve  on  dewar  vent  or  temperature 
con! ,xil  pane’ 

1 

<  60"  from  vertical 

Flow  controlled  by  evaporation  rate  of  liquid  in  cell 

I 

dewar. 

<60“  from  vertical 

Flow  controlled  by  evaporation  rate  of  liquid  in  ceil 

dewar. 

Vertical 

Onfice-comrol  or  tempc.-ature-control  devices  to 

regulate  flow  rate,  absolute  or  gauge  presaure-reliei 
valves,  with  optional  pressure  buildup  heaters  for 
system  pressure  regulation 

Raytheon 

Bottom 

1 

1 

Horizontal  to  vertical 

Small  metal  dewar  with  integral  detector 

I 

<  55'  from  vert’cal 

■  ’ 

Double  cjll  for  Ne  or  Me  with  Nt  shield. 

| 

<56*  from  vertical 

Double  cell  for  Ne  or  He  vdth  N»  shield 

Horizontal 

Flow  controlled  by  onfice  valve 

i 

Horizontal 

Flow  controlled  by  onfice  valve  and  pump  rate 

SBRO 

External 

Horizontal 

Flow  controlled  by  orifice  valve;  0  00519-m  or  0.00828- 

m  diameter  cooling  head,  weight  0  0142  kg. 

Hughes 

External 

Honsontal 

Flow  controlled  by  temperature-control  device,  relief 

Aircraft  Co 

valve,  and  heater 

External 

Horizontal 

Flow  con* rolled  by  onfice.  relief  valve,  and  heater. 

Ez’emal 

Hori_ont«l 

Flow  controlled  by  absolute  presaure  relief  valve  find 

temperature-control  device;  system  designed  for  high 
f.mbient  te>nperatu  »  rnvi.onment 

f 
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12.2.1.L  lntegml  Coolers.  The  integral  cooler  consist  s  of  a  detector  in  direct  thermal 
contact  with  a  supply  of  liquid  coolant  <  Fig.  12-3).  It  e  detector  is  integrally  mounted 
in  a  dewar  that  server  both  m  the  detector  mount  and  the  liquid  container.  When 
a  solid  coolant  such  as  Cry  ict  is  used,  sticks  of  the  coolant  are  inserted  into  the  coolant 
well.  Thermal  contact  between  the  solid  COj  and  the  walls  of  the  coolant  well  is 
ensured  by  mixing  the  sol.d  with  a  low-freezing-point  liquid  such  as  acetone.  A 
basic  limitation  of  the  direct-contact  cooler  is  its  operating  attitude.  In  order  tc 
keep  the  coolant  in  direct  contact  with  the  detector,  the  dewar  must  be  maintained 
in  an  essentially  vertical  position.  For  airborne  and  tracking  instrument  applications 
where  the  detector  is  moved  through  360°  of  an  arc  in  both  horizontal  and  vertical 
planes,  thermal  contact  between  the  coolant  and  the  detector  is  maintained  regardless 
of  the  dewar  attitude.  Thii  is  accomplished  by  using  copper  conducting  plates  that 
are  spring  loaded  so  that  they  emain  in  contact  with  the  coolant. 


Infrared  Transparent  Window 


/ 

/ 


Detector  Element 

Copper  Mounting 
Block 

Glass  Wall 

Copper  Conductive 
Shield 

Coolant  Well 


Fig.  12-3  Direct-contact  cooler 


12.2.1.2.  Liquid-Feed  Coolers.  The  liquid-feed  cooler  consists  of  ar.  insulated  liquid- 
storage  container,  transfer  lines,  a  cooling  head,  and  the  necessary  controls  » Fig.  12-4). 
The  transfer  mechanism  is  either  gravity  or  gas  pressure.  The  gas  pressure  to  force 
the  liquid  from  the  storage  container  to  the  roofing  head  originates  from  the  natural 
pressure  b’lild-up  due  to  thermal  leakage  into  the  storage  container,  or  from  ihe  residual 
pressure  of  the  filling  operatr  v  In  cases  where  the  natural  pressure  build-up  is  not 
sufficient,  or  better  regulation  is  required,  a  small  pressure-regulated  electrical  heater 
is  placed  in  the  storage  container  to  evaporate  the  required  amount  of  liquid  (see 
F’g.  12-5).  The  flow  of  fluid  is  usually  self-limiting  fo  provide  operation  over  s  wide 
renge  of  differentia!  pressures,  using  only  on-off  centre-.,  and  to  prevent  flooding  of  the 
cooling  head.  As  the  detector  cell  cools,  the  liquid  >n  the  cell  evaporates  and  vents 
through  the  adjustable  orifice-flow  control  valve,  which  sets  the  pressure  differential 
between  the  tank  and  the  cooling  head  to  a  value  that  Maintains  a  constant  rete  of  flow 


530 


DETECTOR  COOLING  SYSTEMS 


of  liquid  into  the  cell.  The  pressure-control  relief  valve  regulates  the  pressure  exerted 
on  the  liquid,  and  also  acts  as  a  relief  valve  to  vent  the  storage  container  in  case  of 
malfunction.  With  the  addition  of  a  small  gas  liquefier  to  the  low-pressure  cell  vent 
line,  the  liquid-feed  cooler  becomes  a  closed-cycle  system  capable  of  long  standby  and 
operating  times. 


Vent  Valve  Liquid  Tranaler  Line 


Fig.  12-4.  Liquid-feed  cooler. 


Liquid  Nitrogen  Charge 
Output  Pressure 
Heater  Otf  Pressure 
Pressure  Buildup  Time 


Specifications 

5.0  liters  Operating  Time 

2000  pst 
2300  pet  min 

10  mtn  to  1500  psl  Weight 

Dtmens-.or.s 


5.5  hr  at  5  Ipm  after  2  hr 
standby,  2.25  hr  at  12 
Ipm  at  2000  psl 
22.125  ib  one.'  arged 
14.812  x  12  x  13.5  in. 


Fig.  12-5.  Barnes  nitrogen  pressure  generator  diagram  141. 


TYPES  OF  DETECTOR  COOLING  SYSTEMS  531 

The  usual  mechanism  of  liquid  transfer  is  a  two-phase  flow  known  as  Leidenfrost 
transfer.  When  small  quantities  of  a  low-temperature  liquid  are  passed  through  a 
warm  tube*  some  of  the  liquid  evaporates  to  form  a  gaseous  skin  that  keeps  droplets 
of  the  liquid  insulated  from  the  walls  cf  the  tube  sufficiently  well  so  that  small  quantities 
of  the  liquid  can  he  efficiently  transferred.  The  loss  of  liquid  in  the  transfer  process 
increases  with  transfer  line  length,  typically  75%  for  a  line  1  ft  long.  Figure  12-6 
shows  a  plot  of  transfer  efficiency  versus  cooling  load  lor  several  lengths  of  uninsulated 
transfer  lines.  Graphs  of  total  system  weight  versus  total  operating  time  and  versus 
required  liquid  capacity  for  a  typical  liouid-nitrogen  detector  cooling  system  are  shown 
in  Fig.  12-7  Using  these  graphs,  a  sj  lgie-search  detector  load  of  1  w  operating  for 
100  hr  would  require  a  system  weighing  7.8  lb  with  a  liquid-storage  container  of  5.9- 
liter  capacity. 


2  8  10  14  18  22  26  30  34  39  42  48 


TRANSFER  EFFICIENCY  (%) 

Fig.  12-6.  Transfer  efficiency  for  liquid  Ni  through  uninsulated 
tubes  flj. 


DETECTOR  HEAT  LOAD  (w) 


0  20  40  80  30  100  0  1  2  3  4  5  8  7  8 

OPERATING  TIME  (hr)  LIQUID  N,  CAPACITY  (liter) 


F»c.  12-7.  System  dry  weight  versus  operating  time  and  storage  tank 
capacity  [5!. 
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12.2.2.  Jouie-Thomson  Coolers.  The  Joule-Thomaon  or  cryostat  cooler  is  based 
on  the  Jouie-Thomson  effect  of  cooling  caused  by  the  adiabatic  expansion  through  an 
orifice  of  a  gas  that  is  initially  below  its  saturation  temperature.  The  expanded  gas, 
thus  cooled,  is  passed  back  over  the  incoming  gas  to  cool  that,  which  results  in  re¬ 
generative  cooling.  The  process  continues  until  liquid  begins  to  form  at  the  orifice  to 
produce  a  bath  of  liquid  at  the  boiling  temperature  of  the  gas.  The  Joule-Thomscn 
cooler  consists  of  a  finned  tube  in  the  form  of  a  coil,  an  orifice,  and  orifice  cap,  and  an 
outer  shir '  '  r  coil  (Fig.  12-8).  The  finned  tube  is  made  of  very  small  inside-diameter 


tubing  to  provide  the  large  ratio  of  surface  area  to  volume  necessary  for  effective  heat 
exchange.  Dust  particles  and  all  traces  of  higher-freezing-pc  int  gases  must  be  excluded 
from  the  gas  entering  the  cooler;  otherwise  the  finned  tube  will  clog  or  freeze  up  after 
a  short  period  of  operation.  The  orifice  is  usually  surrounded  by  an  orifice  cap  that 
returns  the  expanded  gases  back  along  the  finned  tube.  This  cap  must  be  maintained 
in  close  thermal  contact  with  the  dewar  or  detector  to  ensure  efficient  heat  transfer. 
The  outer  shield  is  formed  in  a  number  of  wavs.  A  separate  return  tube  can  be  coiled 
around  the  finned  tube,  the  finned  tube  can  be  placed  in  another  length  of  tubing  of 
greater  diameter,  or  the  fined  tube  can  be  placed  in  a  tight-fitting  container  so  that 
the  expanded  gas  must  flow  through  the  cha.meL?  formed  by  the  space  between  adjacent 
turns  of  the  finned  tubing.  With  the  addition  of  a  small  noncontaminating  compressor, 
the  expanded  gas  can  be  recycled  to  provide  continuous  operation  for  long  periods  of 
time  without  the  need  for  gas  i  eplenishment.  Table  12-5  lists  specific  models  of 
com.v.eirially  available  Jouie-Thomson  coders. 

12.2.2.1.  Gas-Supply  Coolers,  In  an  open-cycle  Jouie-Thomson  cooler,  bottled  gas 
is  the  usual  source  of  supply,  although  high-pressure  gas  containers  are  frequently 
used.  A  high-pressure  regulator  is  required  to  maintain  the  gas  pressure  at  approxi¬ 
mate!;  1500  pei  since  both  the  flow  rate  and  cooldown  time  are  pressure  dependent 
(Fig.  12-9).  Most  pressure  regulators  that  cover  the  range  of  1000  to  3000  psi,  and 


1000  1500  ?000  2100 

OPERATING  PRESSURE  (psi) 


Fic.  1 2-9.  Flow  rate  required  to  liquefy  nitrogen  and  cooldown  time  as  a  func¬ 
tion  of  gaa  pressure  for  SBRC  P/N  9114  cryostat  in  stylo  No.  120- i  detector. 
Total  detector  flask  heat  load  cr0.23  w  and  ambient  temperature  of  296*  K  [6]. 
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accommodate  normal  flow  rates  up  to  10  liters  per  minute  (standard  temperature 
pressure!,  can  be  used.  The  pressure  regulator  must  be  capable  of  reducing  the  pres¬ 
sure  to  counteract  the  tendency  of  the  flow  to  increase,  sometimes  reaching  a  value 
twice  as  much  as  the  initial  flow,  as  the  temperature  drops.  Commercially  available 
high-purity  gas  with  a  low  water  content  is  required  for  operation  in  the  cooler  To 
ensure  that  all  undesirable  particles  are  removed,  and  that  the  water  content  in  suffi¬ 
ciently  low,  a  dryer  and  a  filter  can  be  inserted  in  the  high-pressure  line  ahead  of  the 
(  ined  tube.  A  chemical  dryer  containing  an  absorbent  materia!  removes  the  excess 
moisture;  it  is  followed  by  a  porous  or  a  sintered  metai  filter  to  remove  any  floating 
particles.  To  obtain  even  greater  gas  purity,  a  cold  trap  consisting  of  a  coiled  tube 
immersed  in  a  bath  of  dry  ice  and  acetone  or  liquid  nitrogen  is  inserted  after  the  dryer 
and  filter  (Fig.  12-10).  In  operation,  water  vapor  and  gases,  having  a  freezing  point 
above  that  of  the  coolant  bath,  will  condense  on  the  walls  of  the  tubing  at  a  rate  de¬ 
pendent  on  the  initial  purity  of  the  gas  being  dried. 


Fio.  12-10.  High-preMure  cold  trap  with  metal  filter  [7] 
{Copyright  ITT,  Farnsworth  Division). 


12.2.2.2.  Liquid-Supply  Cwlers.  The  simplest  way  t;>  obtain  high-purity  dry  gas 
is  to  feed  the  Joule-Thomson  cooler  from  a  storage  container  of  liquid  coolant.  A 
m^jor  problem  of  the  liquid  supply  is  the  evaporation  of  liquid  during  standby;  how¬ 
ever,  this  supply  ?  still  lighter  and  smaller  than  a  compressed  gas  supply  of  the  same 
capacity,  k  diagram  ci  a  typical  liquid  supply  or  nitrogen  pressure  generator  is 
shown  in  Fig.  12  5.  The  pressure-regulated  heater  inside  the  storage  tank  evap¬ 
orates  the  liquid  to  provide  the  proper  gas  pressure.  A  cold  trap,  a  filter,  and  a  po¬ 
rous  metal  plug  remove  undesirable  particles  and  all  traces  of  higher-freezing-point 
gases. 
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Table  12-5.  Joi'le-Thomson  Coolers 


Manufacturer 

Model 

Cycle 

Coolant 

Operating 

Pressure 

(atm) 

Flow 
Rate 
(U  min) 

Op. 

Temp. 

no 

Cooling 

Capacity 

(w) 

AiResearrh  j 

1 

Joule-Thom&jn 

1 

i 

! 

Closed 

[ 

1 

I 

N, 

i 

_ i 

102.1 

i 

i 

77 

1 

Air  Products 

AC-2-109A 

Open 

mm 

122.4 

10.5 

20-76 

0.75 

Inc. 

wm 

152.9 

9.9 

AC-2-109B 

Open 

KH 

105.5 

9.1 

20-75 

1.5 

HI 

122.4 

27.2 

AC-2-109C 

Open 

H, 

102.1 

29.7 

20-75 

N, 

142.7 

31.2 

] 

AC-2- 10^  D 

1  Open 

H, 

102.1 

21.0 

20-75 

6.0 

Nt 

136.0 

36.2 

NOTS-Side- 

Open* 

N, 

81.7- 

5.5 

80 

5-8 

winder  1C 

170.3 

lOR-OON 

Closed 

Nt 

6C.0 

S.5 

80 

1 

2C 

Closed 

N, 

54.4- 

8.5- 

80-10*' 

1-5 

81.7 

22.6 

Two-fluid 

Closed 

H, 

34.0- 

17-31 

30 

0.5-1 

cascade 

N« 

81.7 

ITT 

600' 

Open 

N« 

115.6 

2-6  min 

77 

0.01 

149.5 

rrstfx 

600' 

Open 

Nx 

115.6 

77 

0.01 

149.5 

max 

‘Available  for  operation  with  other  gases  and  different  preaaure  and  flow  rate*. 

*SimiU Joule- TV-orruy  n  cooler*  for  uae  with  several  of  the  gaw.«,  arfon,  neon,  hydrogen,  and  helium  are  available. 
‘Compressed  N,  supply  consisting  of  8.2-iiter  tank,  solenoid-operated  valve,  filler,  pressure  gauge,  end  quick 
disconnect  available.  Operate*  for  1-1/7  hours,  gas  hottir.  charging  cart  available.  Cryostats  recommended  for 
use  with  an  ITT  detector  cell  dewar. 
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Table  12-5  Joule-Thomson  Coolers  ( Continued ) 


Cooldown 

Heat  Exchang 

er 

Required 

Accessories 

Time 

(nan) 

Construction 

- 1 

Length 

(m) 

Diameter 

(m) 

Weight 

<kg) 

Compressor 

Bundle-type 

counterflow 

0.203 

1 

Two  stage,  nonlubricac- 
ed  piston-type,  ac  mo¬ 
tor  driven,  1<5  v,  130 
w,  60  cps,  1  4 \  0.432  x  j 
0.178  m  diameter,  9.07 
kg. 

5.5 

Two-stage 

cascade, 

0.114 

0.00635 

0.454 

! 

Wot  Used 

g 

19 

concurrent 

flow 

0.159 

0.0095i 

0.454 

Not  Used 

g 

12 

Two-stage 

cascade. 

0.21 

0.0127 

0.454 

Not  Used 

g 

22 

concurrent 

flow 

0.33 

0.019 

0.454 

Not  Used 

g 

0.67  1 

One  stage 
concuiTent 
flow 

0  0457 

0.00508 

0.454 

Not  Used 

g 

30 

One  stage, 
finned 

coiled  tubing 

0.0762 

t 

0.00635 

Two  stage,  nonlubricat- 
ed  piston-type,  ac  mo¬ 
tor  driven,  110  v,  250 
w,  60  cps,  1  fa  or  208  v, 
600  400  cpe,  3  <t>, 

0.127  x  C.2C5  x  0.305 
m,  7.25  kg.r 

g 

10-25 

One  stage, 
finned 

coiled  tubing 

0.0762- 

0.152 

0.00635- 

0.0127 

1 

Two  stage,  nonlubricat- 
ed  piston-type,  ac  mo¬ 
tor  driven,  110  v,  300- 
1000  w,  60  cps,  1  d>;  or 
208  v,  300-1000  w,  400 
cps,  3  <f>,  0.127  x  0.205 
x  0.28-0.381  m  *  7.25- 
12.7  kg.r 

g 

20-30 

Two  stage, 
finned 

coiled  tubing 

0  152- 
0.239 

0.00955- 

0.0127 

Two  nonlubricated,  two 
stage  phtto.i-type,  ac 
motor  driven,  110  v, 
800-2000  w,  400  cpe, 
3  <f>;  or  208  v,  800-2000 
w,  400  cpe,  3  <t> ,  0.127  x 
0.205  x  0.28-0.381  m,r 
15.9-22.8  kg.r 

g 

20 

One  stage, 
coiled  tubing 

0.11-? 

0.00955 

Not  Used 

g 

20 

Cne  stage, 
coiled  tubing 

_ 

0.143 

0.00476 

Not  Used 

g 

\ 

1 

1 _ 

'A  2-stage,  6-cylinder  compressor  h*»  been  developed  for  use  whe.-e  lower  temperatures  and  (prater  cooling  capacity 
are  required,  but  t  it  not  recommenced  for  infrared  uae. 

'The  2-fluid  cascade  cooler  requ  'ea  two  model  2C  unite,  each  with  the  listed  dimension*,  which  can  be  packaged 
together  or  separately  aa  desired. 

•ti'ter  abocrber  ayatem  is  a  rtqjired  acccjaory.  Contact  firm  for  details. 


536 


DETECTOR  COOLING  SYSTEMS 


I 


! 


i 

1 


TYPES  OF  DETEC  ."OR  COOLING  SY.'T  SMS  537 


Table  12-5.  Jouls-Thomson  Coolers  ( Continued ) 


Cooldown 

Heat  Exchanger 

Required 

Accessories 

Time 

(min) 

Construction 

Weight 

Compressor 

(kg) 

2 

One  st/._,e, 

0.122 

0.0642 

Not  Used 

g 

coiled  '  Smg 

min 

4.5 

One  stage, 

0.051 

0.0083 

Gf/30 

Four  stage,  nonlubncat- 

finned 

ed,  piston  type  with 

coiled  tubing 

unique  seal  separating 
lubricated  and  nonlu- 

One  stage, 

bricited  areas,  ac  mo- 

finned 

tor  Giiven,  208  v,  400 

coiled  tubing 

cps,  3  d>,  13C0  w  input* 

2  compressors  with 
common  drive  can  be 
driven  hydraulically  or 
electrically;  both  di¬ 
rect  and  belt  drive; 
0.41  x  0.46  x  0.28  m, 
30  kg. 

One  stage, 

0.032 

0.006 

0.010 

Not  Used 

r 

integrally 
limed 
>bular 
r -changer 

0.6 

One  £tage, 

0.051 

0.0063 

0.015 

Not  Used 

hj 

integrally 

finned 

tubular 

exchanger 

1-1.5 

One  stage, 
coiled  tubing 

0.07 

0.0097 

0.085 

Not  Used 

g 

0.75-0.92 

One  stage, 
coiled  tubing 

0.07 

0.00524 

0.085 

Not  Used 

g 

One  stage, 

0.031  ~ 

Net  Used 

g 

finned 

coiled  tubing 

0.00515 

N  t  Used 

g 

Two  stage, 

Not  Used 

g 

coiled  tubing 
One  stage, 

Not  Used 

g 

finned 

coiled  tubing 

0.0635 

Not  Used 

g 

- 

min 

_ 

•Filter  absorber  system  is  a  required  accessory.  Contact  firm  'nr  details. 
•Storage  tank  required. 

'Manifold  required. 
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Tablk  12-5.  Jouli-Thomson  Cools rs  (Continued) 


Manufacturer 

1 

Model 

[ 

Cycle 

! 

Coolant 

Operating 

Pressure 

(atm) 

Flow 

Rate 

(1/minl 

Op 

Temp. 

i°K) 

Cooling 

Capacity 

(w) 

SBRC 

9114 

Open 

Fraon 

17.0 

192 

0.2-1 

A 

68.0 

80 

Na 

81.7 

4.5 

77 

9174 

Open 

Freon 

17  0 

192 

0.2-1 

i 

A 

68.0 

80 

N, 

81.7 

4.6 

1  77 

9186 

Open 

Freon 

17.0 

1S2 

0.2-1 

A 

68.0 

80 

N 

81.7 

4.5 

77 

9186 

Closed 

Freon 

17.0 

192 

0.2-1 

A 

68.0 

80 

Nt 

81.7 

4.5 

77 

80°  K  -0.6  w 

Closed 

N- 

i 

82 

2 

80  K  5  w 

N, 

136.1 

80 

5 

SO  K  2  w 

N, 

102.1 

80 

2 

82  K  .5  w 

N* 

102.1 

84 

1 

Stratoe 

S-2108 

Closed 

N, 

199.8 

9.06 

26 

1.0 

H, 

136.0 

7.08 

i 

1 

Westinghouse 

Closed 

Ns 

102,1 

H 

90 

05 

Closed' 

Ne/N, 

43 

/2-liquid  doted-loop  cooler  end  due! -diaphragm  cotapiremor  under  development. 
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Table  12-5.  Jouls-Thomson  Coolers  (Continued) 


Cooldown 

j  Heat  Exchanger 

Required 

Acessories 

Time 

Construction 

Length 

!  Diameter 

Weight 

Compressor 

(mm) 

(m) 

(m) 

<kg) 

<3 

One  stage, 
finned 

coiled  tubing 

0.042 

0.00519 

0.00227 

Not  Used 

R 

<3 

One  stage, 
finned 

coiled  tubing 

0.0418 

0.0083 

0.00255 

1 

Not  Used 

8 

<4 

One  stage, 
finned 

coiled  tubing 

0.0508 

0.00519 

0.00227 

Not  Used 

8 

<4 

One  stage, 

0.0478 

0.0083 

0.00255 

Not  Used 

8 

finned 

coiled  tubing 

5 

One  stage, 

0.0508 

0.00519 

0.02834 

4  cylinder  piston,  ac  mo- 

finned 

tor  driven,  208  v,  225 

coiled  tubing 

w,  400  epe,  3  4, 0.241  x 
0.152  m  diameter,  4.54 

i 

k* 

3-stage  piston,  ac  motor 
driven,  208  v,  525  w, 
400  epa,  3  4,  3.175  x 
1.78  m  diameter,  7.3 
kg.  Air  cooled  with 
own  fan. 

3-stage  piston,  ac  motor 

driven,  208  v,  325  w, 
400  epa,  3  4.  3.175  x 
1.78  m  diameter,  7.3 
kg.  Air  cooled  with 
own  fan. 

3-st.age  piston,  ac  motor 
driven,  208  v,  190  w, 
400  cps,  3  4  2.41  x 
1.524  m  diameter,  4.55 
kg.  Air  cooled  with 
own  fan. 

Two  stage, 

0.152 

0.0381 

0.136 

Two  cycle,  four  stage,  oil 

j 

croea  flow 

activated  metallic  dia- 

tubing 

phragm,  aodc,  hydrau¬ 
lic  or  air  turbine  driv¬ 
en,  0.208  x  0.216  m 
diameter. 

15 

One  stage, 

Oil  activated,  metallic 

J 

coiled  tubing 

1 

| 

agn.,  dc  motor 

driven,  28  v,  1  w,  0.165 
x  0.165  x  0.127  m, 

4.64  kg. 

Two  stage 

Oil  activated,  dual  dia- 

j 

coil<sd  tubing 

_ 1 

phragm.  dc  motor  driv¬ 
en,  28  v,  1  w,  0.178  x 
0.178  x  0.127  m,  6.8 
kg. 

‘Filter  absorber  ijntern  is  •  required  aoct— ory  Oor.t/v*  firn.  for  details. 
'Motor  required. 
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12.2.3.  Sxpansion-F.ngLne  Coolers.  The  expansion-engine  cooler  is  based  on  the 
adiabatic  and  reversible  expansion  of  a  gas  in  doing  work  on  an  external  load.  This 
expansion  results  in  a  i  eduction  of  the  gas  temperature  due  to  the  decrease  ir  the 
internal  energy  of  the  gas  by  the  amount  of  the  work  done.  A  reversib.e  expansioi 
of  a  gas  iYom  a  high  to  a  low  pressure  can  be  produced  by  either  piston-  or  turbine- 
type  expanders;  however,  more  development  work  has  been  done  on  the  piston  type 
because  of  its  ability  to  handle  the  small  gas  flows  required.  If  it  is  necessary  that 
liquid  coolant  be  produced  by  an  expansion  engine,  the  expanders  are  used  only  to 
produce  the  low  temperature  required  for  liquefaction,  never  to  form  the  liquid.  The 
formation  of  liquid  in  the  expander  is  a  highly  inefficient  process  because  the  liquid 
wets  the  wall  of  tbe  cylinder  or  turbiir  thereby  facilitating  the  flow  of  heat  from  tl  o 
hot  walls  to  the  working  substance  ana  introducing  considerable  irreversibility  into 
the  cycle.  In  addition,  the  liquid  introduces  serious  mechanical  instability  in  the 
expander  and  the  expander  muot  work  much  harder  to  move  the  vapor-ladet,  .as. 
The  production  of  the  actual  liquid  is  usually  carried  out  by  a  separate  Joule-T?  •  mso .. 
expansion  valve  that  is  supplied  with  gas  cooled  by  heat  exchange  with  a  ’•egei  o  ;  . . 
heat  exchanger.  Two  typer  "f  expanders  arf  "ow  in  the  piston  and  »i«.  jrbr 
types.  Table  12-6  lists  spetiric  models  of  commercial  available  expansion-engine 
coolers. 

12.2.3.1.  Gifford-McMakon  Pinion  Expander.  The  Giflord-McMaho:  i  expander 
uses  a  reciprocating  flow  engine  based  on  the  Stirling  cycle,  in  which  the  gas  is  passed 
back  and  forth  through  a  thermal  regenerator  that  acts  as  a  hea  servoir.  The 
Gifford-McMahon  expansion  engine  consists  of  an  expander-regenerator,  a  compressor, 
a  surge  tank,  a  supply  tank,  and  the  necessary  controls  (Fig.  12-11).  The  cimprtssor 
is  a  sp  ^al  noncontaminating  type,  usually  with  a  piston  or  diaphragm  arrangement, 
used  to  maintain  the  eoolant  gas  at  the  necessary  pressure.  The  surge  tank  and 
pressure  regulators  provide  a  continuous,  constant-pressure  gas  supply  for  the  cooler. 
The  supply  tank  is  provided  as  a  liigh  pressure  source  of  make-up  gas  to  maintain  the 
proper  amount  of  gas  in  the  system  for  long  periods. 


Evacuated  Housing 


Fio.  12-11.  Gil*. -McMahon  expansion  engine. 
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Table  12-6.  Expansion  Engine  Coolers  ( Continued ) 


Operating 

Cooling 

Cooldown 

Expander 

Manufacturer 

Temperature 

CK) 

Capacity 

(w) 

Time 

(min) 

Construction 

Size 

(m) 

Weight 

(kg) 

Ai  Research 

27.16 

16 

Turbine 

0.089  x 

4.2  ±0.1 

1 

0.038  diameter 

25.66 

1 

78 

10 

i 

i 

1 

Air  Products 

Piston 

Turbine 

Arthur  D.  Little 

4.3 

0.25 

Piston 

0.33  x  0.467 

61.25 

17 

i 

x  0.915 

45 

0.80 

%0 

0.05  at  60* 

5-8 

0.038  x  0.038 

0.17  at  80’ 

3-5 

_ _ 1 

x  0.07  with 
0.0794  x 

0.0286  diameter 
motor 

Cryogeneratora 

25-300 

1  at  30* 

5-7 

Displacer 

0.101;  x  0.305 

1  4.636- 

Div.  Noreleo 

10  at  80* 

x  0  127 

5.44  with¬ 
out  motor 

Mslaker  Labs' 

95 

1 

12 

1  Displacer  | 

0.1016  0.152 

1 

x  0.203 

70 

3 

J 

l 

0,366  x 

.  .  J 

0.127  diameter 

Norden 

30-35 

0.05 

ID 

j  Piston  1 

0.178  x 

0.51 

0.0381  diameter 

i 

Hughes 

10-15 

0.4  at  12.0’K 

20  min  with 

Piston 

engine 

0.05  diameter 

1.0 

Aircraft  Co. 

typical  CuGe 
installation 

x  0.3 

20-40 

2.0  at  30*  K 

5  min  with 

Piston  engine 

0.05  diameter 

1.0 

1.0  at  26*  K 

typical  HgC-e 

x  0.26 

0  at  20*  K 

installation 

1 

2.0-4. 2 

2.0  at  4.2*K 

30  min 

Piston  engine 

0. 1 1  diameter 

10.0 

1 

1 

+5.0  at  15*  K 
+  12.0  at  50* K 

1  +CC  0  at  150*  .< 

unloaded 

| 

x  0.6 

70-90 

9.0  at  78*  K 

<  5  min  with 

!  Piiljn 

(see  Remarks) 

typical 

detector  flask 

28 

2.0  at  28*  K 

<  10  min  with 

Piston 

1 

(see  Kemciks) 

typical  flask 
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Table  12-6.  Expansion  Engine  Coolers  ( Continued ) 


- 1 

Cor.i’jrestor 

Cooling  Head 

Remarks 

Ne=single  stage,  oil-lubricated  centrifugal, 
ac  motor  driver,  200  v,  400  cpa,  4.9  hp, 
0.152  :<  0.152  x  0.279  m. 

He-two  stage,  nonlubricaled  lirton,  ac 
motor  driven,  200  v,  8  A,  500  cps,  1.75  bp, 
0.61  x  0.35e  m  diameter. 

Singl,  stage,  nonlubricaled  piston,  ac  mo¬ 
tor  driven.  200  v,  400  cps,  0.42  hp,  0.406  x  | 
x  0.203  m  dicmeter. 

Single  stage,  nonlubricaied  piston,  ac  mo¬ 
tor  driven,  200  v,  400  cps,  1.0  hp,  0  61 
x  0.356  m  diameter. 

Ne- regenerative  beat  ex¬ 
changer 

He-'bundle-v.ype  counter- 
flow  and  plate- fin  ooun- 
terflow 

Bundle-type  ccunterflow 

i 

II 

16-iv  Claude  by-pess  expander  precool  ?r 
with  1-v.  Joule-Thomson  cocler. 

Two-stage  neon  cooler. 

Two-rfiage  nitrogen  cooler. 

Single  stage,  oil  activated,  nonmetallic  dia¬ 
phragm,  motor  driven. 

Single  stage,  centrifugal  compr  naor,  driven 
by  expander. 

Bundle-type  counterflow 

Not  now  >.ued  for  datector  cooling. 

1 

Two  stage,  oil-lubricated  piston,  ac  motor 
driven,  440  v,  4  kw,  60  cpa,  3  d.  plus  1 10  v, 

1 10  w,  60  cps,  1  <S>  for  expander,  0.71  x 
0.762  x  1.906  m,  352.5  kg. 

MNRC-1, single  stage, oil-lubricated  piston, 
ac  motor  drive.'.,  115  v,  350  w,  60  cps,  1  d. 
plus  110  v,  11C  w.  60  cps,  1  d  for  expander, 
0.305  x  0.61  x  0.356  m.  54.5  kg. 

Stainless  steel  cylinder 
0.1S05  liter  x  0.00788  m 
diameter. 

1 

i 

Designed  for  masers,  can  be  modified  for 
detectors. 

Laboratory  use  only;  requires  10- /t  filter. 

Evacuated  container 
0.0101  m  diameter. 

Reauires  1750  rpmmrrfer,  power  input  200 
w  st30*K,  100  w  at  100*K. 

- 

Insulated  container 

0.0127  m  diameter. 
Insulated  container 

0  0127  m  diame*eer. 

Includes  ac  motor,  110  v,  1.1  A,  125  w, 
60  cps,  1  d- 

Includes  ac  motor,  208  v,  0.8  A,  140  w, 
400  cps,  3  d- 

Single  stage,  nonlubricaled  diaphragm  ac 
motor  driven.  0.305  x  0.089  m  diameter, 
4.54  kg. 

Integra  with  expander. 

Requires  surge  tank,  makeup  supply, 
and  pressure  regulators. 

Single  stage  3  piston  dry  oomprt  >  sor  c  11  in 
diameter  x  0.35  m  long,  12.3  kg,  590  w 
electrical  input 

Same  ns  MK  11/12  compressor  above. 

,'olv a;'  compressor  single  stage  4  piston, 
11.3x0.3x0.8  m,5  kw  input,  25  kg.  Joule- 
Thomson  compressor'  2  stage  4  pisto.TS, 
0.3  x  0.3  x  0.75  m,  input  1  5  kw,  25  kg. 

Total  system:  0.075  x  0. 125  x  0.2  m,  450  w 
input,  8  kg. 

Total  system:  0.075  x  0.125  x  0.2  m,  450  w 
input,  8  kg. 

0  0065  m  diameter 
cylinder 

u.015  m  diameter 
cylinder 

i 

0.075  m  diameter 
cylinder 

Glass  de-vsr  as  needec 

Glass  dewar  as  needed. 

All  performance  figures  given  for  170*F 
(350*  S),  50,000  ft  altitude  ambient  with 
relf-incorporated  heat  rejection.  Size  ant 
weight  figures  do  not  include  heatrcjec- 
tinn  mechanism. 

MK  II  can  be  modified  for  efficient  cooling 
at  higher  temperature  11/12  and  11/30 
will  refrigerate  at  any  temperature  above 
nominal  without  modification. 

Not  suited  for  usual  infrared  systems. 

Replaces  typical  LNi  transfer  system;  semi- 
•losed  air  loop  uses  envirormeul  »x  r  »- 
ervoir  witii  seif-filtered  intake.  Multi¬ 
detector  systems  can  be  cooled. 

Similar  to  MK  IV/80  with  sealed  neon 
loop.  Roth  MK  IV  systems  are  rated  with 
3  m  transfer  line  length. 

•Two-stage  cooler,  consisting  of  two  displacer  expanrerr  <~p  *  s,.imon  crankshaft,  for  operation  between  30*K 
and  90*  K  under  development. 
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12.2.3.2.  Displacer  Piston  Expander.  The  displacer  expander  (Fig.  12-12)  is  a 
modification  of  the  reciprocating  flow  engine  based  on  the  Stirling  cycle,  in  which  the 
$t  is  if.  paseed  back  and  f  rth  through  a  thermal  regenerator  that  acts  as  a  heat  reservoir. 
!fhe  displacer  expansion  engine  is  considerably  simpler  than  a  comparable  Gifforo- 
McMahcn  expansion  engine  in  l;hat  there  are  no  valves  and  a  separate  -ompresaor  is 
not  required.  The  compress'  ra  of  the  gas  is  produced  by  the  motion  of  the  main  pipton 
and  the  displacer  piston  in  coming  together.  The  compreesed  gas  flows  through  the 
water  jacket,  where  the  heat  of  compression  is  removed,  to  the  regenerator.  The  ex¬ 
pansion  of  the  gac  takes  place  against  the  displacer  piston  in  the  space  at  the  top  of 
the  cylinder.  The  main  drawbacks  of  the  piston-tvpe  expander  are  the  wear  of  the 
sliding  surfaces  and  the  valvu  leakage  when  small  volumes  of  gas  are  used.  In  addition, 
the  redproccting-flow  engines  are  limited  by  the  heat  capacity  of  the  regenerator 
material.  Lead  is  the  meet  common  material  used,  since  it  can  store  significant 
amounts  of  heat  down  to  approximately  14°  K;  other  materials  such  as  aluminum,  zinc, 
brass,  and  bronze  have  no  meaning!  il  heat  capacity  below  SS^K. 

12.2.3.3.  Turbine  Expanders.  Turt  ine  expanders  have  not  been  used  much  because 
they  require  relatively  larger  (lows  of  gas  than  piston  compressors  and  expanders. 
Infrared  detector  coolers  requiring  low  refrigeration  loads,  and  operating  at  the  normal 
atmospheric  boiling  point  of  the  gas,  usually  have  flow  rates  much  too  low  for  turbine 
machinery.  Turbine  machinery  is  more  applicable  to  systems  using  depressed  boiling 
poii  is  where  overall  life  and  reliability  are  important  considerations.  Progress  has 
beet  r,  ade  recently  in  the  development  of  turbine  expanders  that  operate  at  low  pres¬ 
sure  ratios  and  flow  rates,  and  that  are  capable  of  providing  sufficient  lefnge ration 
to  liquefy  cryogenic  gases.  A  schematic  diagram  of  a  proposed  helium  refrigerator 
using  a  -  *rb»ne  expander  fer  cooling  a  maser  to  4.2° K  is  shown  in  Fig.  12-13. 

12.2.4.  The,  moelectrie  Coalers  [1,  8-12].  Tabic  12-7  lists  specific  models  of  com- 
cie  .dally  available  thermoelectric  coolers. 

The  basic  principle  of  the  thermoelectric  or  Peltier  cooler  iB  the  Peltier  cooling  effec;, 
which  is  caused  by  the  absorption  or  generation  of  heat  when  a  current  passes  through  s 
junction  tw  j  dissimilar  materials  The  rate  of  pumping  of  heat  is  directly  pr>  y>  - 
tional  ts-  -  he  current,  and  the  oenstant  of  proportionality  is  known  as  the  Peltier  <-c effi¬ 
cient,  jt.  It  represents  a  potential  difference,  which  is  determined  by  the  Fermi  energy 
plus  a  trausport  energy.  Thus,  lor  a  current  I,  the  rate  of  pumping  of  heat  by  the  Fe:  tie- 
effect,  t iw ,  is 

=  .//  (12-1) 

The  Seebeck  coefficient  of  a  couple,  S,  is  the  ratio  of  the  thermai  emf  to  the  tempera 
ture  difference  which  produces  that  emf.  For  a  single  material,  a  quantity  s,  called 
the  Seebeck  coefficient  of  the  material,  can  be  defined  in  such  a  way  that  the  Seebeck 
coefficient  of  any  couple  is  given  by  the  difference  of  the  Seebeck  coefficients  of  the 
twe  materials  from  which  it  is  constructed: 

J  =  --  s. 

The  Seebeci  criefik-icnt  of  &  p-t  ype  materia',  rp,  and  the  Seebeck  coefficient  of  an  n-type 
material,  must  have  opposite  sign  .  •Jfvwenticn#Jly,  sw  is  taken  as  positive  and 
s.  as  negative,  'ir.ua,  for  *  coup'*  cc.,r<v.sd  of  a  p- type  and  .-?n  n- type  materiel,  the 
difference  sr  -  a*  is  actually  the  r>  ■>.  of  two  ’.live  numbers,  lu  order  to  s-oid  diffi¬ 
culties  with  signs  it  is  often  convenient  to  use  absolute  values: 


l«!  -  l*.i  +  W 
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Evacuate-'  Homing 


Detector  Element 

/ 

n 


Cooling  Water  Out 
Main  Platon 


Fic.  12-12.  Displacer  expansion  eng: 


COMPRESSOR 


MAJOR  INPUT  PA1 
r  =  Compresso 


11  -  Como ref  to 


T|  *  Aftercooli 
P*  *  Evaporato 
Qi  *  PrlaiLry  ri 
Qi,Qj  =  Second! 


■  Ef f . 
and 


AT i  =  T*  -  T» 
ATj  -  T*  -  T » » 


^ALT  |  *^Rl.T i 


i 


Fio.  12-13.  Analytical  model  far  *.vo  expander  Claude  Cyck 


546 


DETECTOF  COOLING  SYSTEM8 


Table  12-7.  Thermoelectric  Coolers 


Nomina l 

Cold 

Heat-Sin * 
Load 
(w) 

Hot 

Manufacturer 

Model 

Construction 

Load 

Cooling 

Junction 

Temperature 

Junction 
Temperature  * 

Size 

(ml 

imw) 

CK) 

CK)  1 

Erurgy 

D6-60 

One-stage  j 

2.6 

240 

300 

0.044  x  0.025  x  0.0094 

Conversion 

D0jm 

One-eta^. 

53 

240 

300 

0.044  x  0  025  X  0'P686 

£3-60 

One-stage 

11  2 

240 

300 

0.063  x  0  0348  x  0  00686 

D-»eri», 

Two- stage 

d 

207-225 

5-i2 

30C 

0.044  x  0.025' 

E-series 

0.063  x  0.0348' 

D- series. 

Three-stage 

d 

200-205 

12 

300 

0  044  x  0  025' 

E-aeriea 

-  -  -  - 

0.053  x  0  0748' 

Materials 

Hot  A  oold  stage 

233 

293 

0044  x  0  119  o.d. 

irllectrmica 

with  15  tvo-suge 

(Meicor) 

module* 

IJ 

Ptaco 

094429 

Four-sage  cascade 

15 

196 

12 

300- 

0.07625  x  0  117  x  0  152 

094438 

Four -r  tags  cascade 

15 

195 

12 

300* 

0  043  x  0  061  x  0  035 

094446 

One-stage 

50 

342  in  vacuum 
252  in  N, 

259  in  air 

300* 

0.01745  +  0.0254H 

094447 

Two-stage  cascade 

20 

223/251 

300/351* 

0  0413  x  0  0624  x  0  0381 

09449*4 

One  st.ige. 
eight  couples 

200 

252 

3 

300* 

0  0127  x  0  0088  X  0  0127 

094493 

Three- stage  cascade 

15 

|  2  -8 

1 

300* 

0.0305  x  0.0608  x  0.0302 

094567 

One-stage 

10 

243 

0.5 

253 

300* 

0.C159H 

258 

09466 

One-stage, 

20 

243 

2.8 

three  couples 

253 

300* 

0.0206H 

758 

094575 

One-stage 

30 

253 

1 

094618 

Two-sUge 

203 

19 

300* 

0.0381H 

300* 

0  0305  x  0.0508  x  0.0478 

Radis  io" 

Thermo- 

Three-stage 

195 

0.0401H 

Elect  x.  .ca 

electric 

cooler 

Texas 

Thermo- 

One-stage, 

80 

258 

1 

300 

<r  00254 H 

Inatmmenta 

elect  nc 
cooler 

two  couple# 

Weatinghouse 

WX-814 

One-stage 

10  max 

1  b 

36  max 

373 

0  0396  x  0  0396  x  0.0117 

5  nom 

luf's  &  kids 

WX-816 

One-stage 

10  max 

ft 

36  max 

373 

0.0396  x  0  0596  x  0.0454 

5  nom 

lugs  ft  leads 

WX-817 

One-stage 

1 

AT  -  55 

0.01575  x  0.0159  x  0.0127 

lugs  ft  leads 

WX-824 

Similar  to  WX-814 

523 

WX-825 

Similar  to  WX-814 

623 

WX-826 

Similar  tr  WX-816 

523 

WX-827 

Similar  to  WX-816 

623 

1 _ 

•Hot-junction  temperature  given  for  rating  purpose*  onl>,  all  unit*  capable 
of  operating  with  hot  junction  temperature  of  373*K 


*Westinghouse  Model  &T 

WX8I4-K  WX813-E  35"C 
WX814-F  WX816-F  40‘C 
WX8U-G  WX814-G  45  JC 
WX  814-H  WX  814-H  50*  C 
WX  814-*  WX  814-J  55* C 
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Table  12-7.  Thermoelectric  Coor  ^rs  (Continued) 


Diameter 

(m) 

Mounting  Area 

Vacuum 
Pressure 
(mm  H*j) 

Voltoge 

(volt) 

Current 

(imp) 

Ripple 

Maximum 

(%> 

Weight 

(kg) 

Remark  s 

_ 

0.0206  x  0.02b 

Depend*  on 

12 

5 

0  017 

Electrically  isolated  heat  transfer 

application 

surfaces 

0.0206  x  0.02.5 

1.2 

9 

0.014 

_ 

0.03  x  0.0348 

9 

0.025 

1 

_ 

c 

c 

r 

Long  Lime  constant  other*  available 

c 

that  operate  into  a  low-temperature 

1  ij 

heat  sink. 

c 

H 

c 

10 

f 

1 

0.0525 

5  coplanar 

Depends  on 

28 

1.8 

0.453 

Used  to  cool  vidicon  t  •  v  conaiata  of 

heat  pada 

application 

15  two-rtage  module*  *  module*  in 

u. '  ’  stage,  and  20  t  ■■ dule*  in  hot 
stage 

0  0161  in* 

10  • 

0.6 

20 

10 

26 

Includaa  integral  detector 

0.0356 

0.0161  m* 

10  * 

20 

10 

2.5 

0.025-0  0253 

0.0111  tn  dianeter 

Depend*  on 
application 

0.4 

7 

10 

0.5 

0.0375 

0  0322  m1 

10-M0-* 

12 

3 

10 

20 

Used  for  cooling  of  five  diodes 

- 

0.0322  m" 

Depend*  on 
applicatior. 

085 

3.6 

10 

0.2 

0  0239 

0.008  m* 

10  • 

0.67 

6 

10 

10 

0.00336 

0.00396  mfiiar  leter 

Depends  on 
application 

U.l 

5 

10 

0.1 

0  00762 

0.00~62  m  diameter 

Depends  on 
application 

0.4 

7 

10 

0.2 

0.00762 

0.00608  m  diameter 

Air 

5 

10 

0.5 

Fast  time  oonstent,  cooldown  5  se. 

0.0239 

0.00318  x  0.00635  m 

10 -• 

0.19 

10 

10 

1.0 

0  0302 

2.5 

Includaa  integral  detector 

0.0028 

■ 

<16 

HoriaonUl  cold  mounting  surface 

■ 

■ 

■ 

reaches  €34?  cf  final  AT  after  1.5  min 
with  no  load. 

_ 

0.146  o' 

Air* 

u 

20 

10 

28 

Horiaontai  cold  mounting  surface 

reaches  63%  of  final  AT  after  1.5  min 
with  no  load. 

0.103  m' 

Air4 

1  2 

20 

10 

3.1 

Vertical  bold  mounting  surfer 

reaches  63%  of  Anal  AT  after  1  5  min 
with  no  load 

0  043  m1 

Air4 

_ 

1.25 

_ 

6 

10 

1.5 

r Depend*  on  AT  and  cooling  load.  ‘Coo'.ora  rated  with  cold  junction  and  device  being  cooled  rurrourded 

by  insulation  at  normal  ambient  temperature  (T<)  of  35* C. 
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The  See  beck  and  Peltier  coefficients  art  related  by  the  first  of  the  Thomson  rela¬ 
tions  [13  01  14  j: 

n  =  ST  (12-2) 

It  follows  that 

=  STI  (12-3) 

where  T  is  the  temperature  of  the  cold  junction  when  the  couple  is  used  for  cooling. 

Evidently,  then,  Peltier  cooling  will  be  more  effective  with  materials  which  exhibit 
large  Seebeck  coefficients.  It  is  evident  also  that  cooling  will  be  more  effective  when  the 
joule  heating,  I2R,  is  a  min’murn.  Th^  current,  I,  cannot  be  made  small  without  re¬ 
ducing  the  rate  of  heat  pumping  (see  Eq.  12-1).  Therefore  it  is  necessary  to  keep  the 
resistance  low,  which  can  be  accomplished  by  the  use  of  material  with  low  electrical 
resistivity,  p.  A  third  important  property  is  the  thermal  conductivity  k.  Clearly 
this  parameter  should  be  kept  as  small  as  possible,  since  it  would  be  of  little  value  to 
pump  heat  from  one  region  to  another  if  most  of  it  could  flow  back  again. 

Therefore,  the  three  following  parameters  serve  to  characterize  a  material  for  its 
cooling  capabilities: 

s  =  Seebcck  coefficient  (v  °K  1 ) 
p  =  electrical  resistivity  (ohm -cm) 
k  —  thermal  conductivity  (w  cm-1  °K~') 

These  three  quantities  vary  with  temperature,  and  for  accurate  calculations  the 
variations  must  be  taken  into  account.  Eurthn  more,  variations  of  s  with  T  give  rise 
to  an  additional  thermoelectric  effect,  the  Thomson  effect,  and  a  rigorous  treatment 
must  take  into  account  the  Thomson  heat  which  arises  when  a  current  and  a  parallel 
temperature  gradient  exist  in  a  material  for  which  s  varies  with  T.  However,  for 
the  purposes  of  this  discussion  of  Pf  ltier  cooling,  s,  a,  and  k  will  be  assumed  constant 
over  the  temperature  range  under  consideration,  and  hence  the  Thomson  effect  will 
not  affect  the  problem. 

12.2.4.1.  Figure  of  Merit.  The  three  material  properties  s,p,  and  k  fi-equently  appear 
in  the  same  combination  in  discussions  of  thermoe.ectronic  devices.  This  combination 
is  usually  referred  to  as  the  figure  nf  merit  of  the  material  and  is  denoted  by  Z,  where 

Z  =  — (°K  ')  (12-4) 

px 

In  general,  the  larger  the  figure  of  merit,  the  moie  useful  the  material  for  thermo¬ 
electric  applications.  At  present,  the  best  values  of  Z  for  semiconducting  materials 
are  slightly  greater  than  3  x  10  3/°K.  (The  best  values  for  metals  are  about  0.1 
x  10  3/°K.)  A  figure  of  merit  of  3  x  10  S/°K  makes  it  possible,  for  instance,  to  pump 
heat  from  ice  to  steam  with  a  single-stage  device. 

The  figure  of  merit  of  a  couple  is  defined  by 


where  the  material  constants  p  and  k  of  Eq.  (12-4)  have  been  replaced  by  the  elec¬ 
trical  resisten^  R  and  the  thermal  conductance  K. 

The  max  mum  possible  value  of  Zr  for  any  couple  composed  of  two  given  materials 
([14!,  page  11)  is  giv^n  by 
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It  thould  h?  noted  that  Zmax  depends  only  on  the  properties  of  the  materials,  whereas 
Zf  depends  also  on  the  dimensions  of  the  couple.  Zc  approaches  ZWOj  only  under  ideal 
conditions  when  the  relative  values  of  the  various  dimensions  have  been  properly 
adjusted. 

If  the  values  of  ft  and  k  are  the  same  for  the  two  arms  of  the  couple,  it  can  easily 
be  seen  that  Zr  =  Z,„qx  when  the  dimensions  of  the  two  arms  an  equal.  If,  in  addition, 
the  couple  is  made  from  p- type  and  n-type  materials  such  that  sp  =  — s,  *  s,  then  Zr  = 

Zmax  =  S*/ pK. 

12.2.4.2.  Performance  of  a  Peltier  Couple.  This  treatment  is  not  intended  to  be  an 
exact  physical  or  mathematical  description,  but  only  an  outline  of  the  important  fea¬ 
tures  of  F*-.:cier  couples.  The  numerical  examples  given  are  evaluated  from  approxi¬ 
mate  expressions  because  the  errors  are  sir  all  arid  the  properties  of  the  thermoelectric 
materials  are  not  known  with  sufficient  accura'-y  to  warrant  exact  calculations 

It  will  be  assumed  that  the  couple  has  Seebeek  coefficients  s,  and  electrical  re¬ 
sistivities  pa  and  pp,  liermal  conductivities  and  kp,  total  series  electrical  resistance 
R,  and  total  parallel  thermal  conductance  K  between  the  ends,  which  are  at  tempera¬ 
tures  Tr  and  Th.  The  temperature  difference  T*  —  7V  will  be  called  AT.  Figure  12-14 
is  a  sketch  (  c  the  idealized  Peltier  couple  that  will  be  discussed.  The  conductor  con¬ 
necting  the  thermoelectric  materials  is  assumed  to  have  zero  Seebeck  coefficient,  zero 
electrical  resistivity,  and  infinite  thermal  conductivity.  The  thermal  and  electrical 
resistances  at  these  connections  are  assumed  to  be  zero.  When  it  is  also  assumed 
that  the  properties  of  the  material  are  independent  of  temperature,  it  is  possible  to 
give  a  complete  description  of  the  eq  ilibrium  performance  of  the  couple.  It  will  be 
shown  that  s„,  sp,  R,  K,  and  7V  completely  define  the  maximum  temperature  difference 
attainable  with  this  particular  couple.  However,  this  is  not  necessarily  the  maximum 
temperature  difference  attainable  with  the  materials  from  which  the  couple  is  con¬ 
structed. 


Fig  12-14.  Peltier  couple  with  notation  and  definitions. 


Four  quantities  are  of  interest:  the  pumping  current  /,  the  heat-pumping  rate  Q, 
the  temperature  difference  AT,  and  the  coefficient  of  performance  {  (to  be  defined 
later).  Only  two  of  these  are  independent.  However,  generally  two  conditions  are 
of  greatest  interest,  namely,  the  pumping  of  the  maximum  amount  of  heat,  and  the 
most  efficient  pumping  of  heat.  Each  of  these  conditions  fixes  the  magnitude  of  the 
current  so  that,  for  a  given  couple,  the  heat-pumping  capacity  and  coefficient  of  per- 
fci-mance  can  be  represented  as  functions  of  AT  and  T,  only. 
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12.2.4.3.  Heat  Balance  at  the  Cold  Junction.  In  the  couple  shown  in  Fig.  12-14, 
the  current  passing  from  n  to  M  to  p  will  remove  heat  from  M.  The  rate  of  heat  removal 
by  the  Peltier  effect  is  0*  =  (8PTCI  —  s»Tel )  =  STeI. 

It  can  also  be  shown  that  the  uniform  generation  of  joule  heat  throughout  the  thermo¬ 
electric  material  results  in  a  flow  of  heat  to  each  of  the  junctions  at  the  rate  0)  =  \I'R. 
(It  is  assumed  that  there  is  no  heat  transfer  through  the  sides  of  the  thermoelectric 
arms.)  Finally,  the  heat  conducted  hack  to  the  cold  junction  from  the  hot  junction  is 
0j  =  K  AT. 

At  equilibrium,  the  difference  between  the  flow  of  Peltier  heat,  0W,  from  the  cold 
junction  and  the  flow  of  joule  heat,  0j,  and  conducted  heat,  0/,  to  the  cold  junction 
represents  the  rate  0  at  which  the  couple  pumps  heat.  Thus, 

0  =  0,  -  (0j  +  0/)  =  ST'I  -  {I*R  -  K  AT  (12-7) 

Because  of  the  power  dissipated  in  the  thermocouple  ( P )  during  the  heat-pumping 
process,  0  +  P  watts  must  be  rejectw)  at  the  hot  junction  for  0  watts  absorbed  at  the  cold 
junction. 

12.2.4.4.  Maximum  Rate  of  Heat  Pumping.  The  current  which  produces  the  maxi¬ 
mum  rats  of  heat  pulping  is  easily  obtained  maximizing  0  (by  setting  80181  =  0).  The 
result  is  that  the  cuirent  for  maximum  steady -state  heat  pumping,  /$ .  is 

/<}  =  STJR  (12-8) 

which  is  proportional  to  the  temperature  of  the  cold  junction  and  independent  of  the 
load  or  temperature  difference.  The  maximum  rate  of  heat  pumping  is  obteined  by 
substituting  Eq.  (12-8)  into  Eq.  (12-7).  The  result  is 

1  CtT  1 

0^*  =  K\T  (12-9) 

If  the  cold  junction  is  insulated  so  that  no  heat  is  absorbed  from  it*  surroundings, 
A T  will  rise  to  the  maximum  value  that  this  couple  can  provide,  A Tmai.  Thus, 

1W 

AT"ox  =  2  ~RK  (12’10) 

The  figure  of  merit  of  the  couple,  Zc,  may  then  be  defined  as 

Zc  =  S'IRK  (.12-11) 

The  maximum  temperature  difference  that  this  couple  can  maintain  is  therefore 

AT„„  =  fZe7V  (12-12) 

With  optimum  design,  a  couple  r  'ade  of  the  same  materials  can  maintain  a  tempera¬ 
ture  difference  AT*,  given  by 

A  Tm  =  \ZmazTJ  (12-13) 

where  Z*a,  is  defined  by  Eq.  (12-6).  In  general,  A Tmax  is  slightly  less  than  AT*. 

Equations  (12-9)  and  (12-10)  show  that  the  rate  of  heat  pumping  may  be  written 

0m,z  =  K(txTm,r  -  AT)  -  K  A Tmaz  ( 1  -  (12-14) 

which  decreases  lii  early  from  K  AT***  at  AT  =  0  to  0  at  AT  —  A Tmoz. 
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The  coefficient  of  performance,  £,  is  defined  as 

c  =  Qip 

where  P  is  the  power  required  to  pump  heat  at  the  rate  0 ,  and  is  given  by 

P  -  IS  AT  +  r*R 

_ _  i.  .  a r\ 


=  2  K  A  T„ 


(-f) 


(12-15) 


(12-16) 


(12-lb’i 


By  combining  Eq.  (12-14),  (12-15),  and  (12-16'),  one  finds  the  coefficient  of  performance 
for  maximum  heat  pumping  to  tx? 


.  .W,_  ±T_\  /  AT\ 
2\  A  TmJv  TJ 


(12-17) 


This  has  a  maximum  value  of  1/2  and  u^reases  to  zero  when  A T  =  ATm„. 
Summarizing;  it  in  now  possible  to  obtain: 

(a)  The  m  uimum  no- load  temperature  difference,  A Tmax,  from  Eq.  (12-12). 

( b )  The  current  required  for  maximum  cooling,  /$,  from  Eq.  (12-8). 

(c)  The  amount  of  heat  pumped,  l$max,  for  a  given  AT,  from  Eq.  (12-14). 

(d)  The  coefficient  of  performance,  £4,  for  a  given  AT,  from  Eq.  (12-17). 

'Typical  values  of  $mar,  (q,  and  /$,  for  material  constants  somewhat  less  than 

the  best  attainable  are  presented  in  Fig.  12-15. 
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Fig.  12-15.  Maximum  rate  of  beat  pump¬ 
ing,  current  required  for  maximum  heat- 
pumping  capacity,  and  coefficient  of  per¬ 
formance  for  maximum  heat  pumping  as  a 
function  of  Te  (or  AT)  for  T»  ■*=  300"  K  (8J. 


12.2.4.5.  Maximum  Efficiency.  The  expression  for  the  current  required  for  maxi¬ 
mum  efficiency  may  be  obtained  by  maximizing  the  coefficient  of  performance  with 
respect  to  current,  using  Eq.  (12-7),  (12-15),  and  (12-16).  The  reeult  obtained  shows 
that  the  current  giving  maximum  coefficient  of  performance,  h,  is 


AT 

U  “  *4  A 

AT*ax 

wbvre  A  is  a  factor  close  to  unity  given  by  the  relation 


(12-13) 


Tr  +  v  Tf‘  -f  2Tr  A  T  a>«2‘  4-  AT  AT  T..x  -  AT 

A  - - *1-1 - - 

2TC  +  AT  2  Te 


(12-19) 
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/{  a  /$ 


AT 
A  Tma. 


(12-20) 


Note  that  for  constant  Te  the  current  for  maximum  heat  pimping,  1$ ,  is  constant  and 
the  current  for  maximum  efficiency,  1{,  varies  almost  linearly  with  AT. 

From  Eq.  (12-7)  and  (12-8),  the  rate  of  heat  pumping  is  found  to  ' 


(12-21) 


v  here  A  is  defined  by  Eq.  (12-19)  and  is  nearly  unity,  so  that 

AT 


ATmax, 

This  may  be  written  in  terms  of  the  maximum  ’'.cat  pumping  rate  as 

AT 


(12-22) 


ATmax 


(12-23) 


and  will  be  zero  for  AT  —  0  and  AT  =  A Tmax,  with  a  maximum  at  AT  =  ATmaxl'A,  where 
Qi  —  QmajlZ 

The  maximum  coefficient  of  performance,  from  Eq.  (12-21),  (12-10),  (12-16),  and 
(12-15)  becomes 

,  1  /  1  A  AT \  (AT  A  AT  \  1 

2  (2  A  AT,.J  \7V  Ar„J  (12‘24' 


and  again,  since  A  is  nearly  unity,  this  simplifies  to 

AT  .  AT  V ‘ 


I  \  ( .  AT  V 

C""  “  2  V  ATmaxl  VAT AT..J 


(12-25) 


This  may  be  written 

A  Tmaje  1 


ATmax  1  /,  AT  \  /,  AT\  /, 

‘■""Tr'il'-sF.:;)!1'?;-)!14 


4  ,".„  -  A7V 


r 


which,  from  Eq.  (12-17),  is  very  nearly 

(max  r— 


AT 


AT 


•  (o 


(12-f-6) 


(12-27) 


Note  that  two  approximations  are  used  in  arriving  at  this  simple  form.  The  exact 
expression  given  by  Eq.  (12-24)  can  be  approximated  by  Eq.  (12-25),  since  A  i„  very 
nearly  unity.  Equation  (12-26)  is  merely  Eq.  (12-25)  written  in  a  different  form. 
Finally,  Eq.  (12-26)  is  written  as  Eq.  (12-27)  by  assuming  that 

ATm.x  -  AT  «T„ 


The  ratio  ATIA7'max  is  seen  to  be  very  nearly  the  ratio  of  the  coefficients  of  perfor¬ 
mance  for  maximum  cooling  rate  and  ma.  am  efficiency.  Figure  12-16  shows  the 
values  of  (max,  /{,  and  &  when  the  couple  u  i  for  Fig.  12-15  is  used  under  conditions 
of  maximum  coefficient  of  performance.  The  curves  were  obtained  using  Eq.  (12-20). 
(12-23),  and  (12-27).  For  very  small  AT,  Eq.  (12-26)  was  used  instead  of  Eq.  (12-27). 
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Fig.  12-16.  Maximum  coefficient  of  per¬ 
formance,  current  required  for  maximum 
coefficient  of  performance,  and  heat-pumping 
rate  for  maximum  coefficient  of  performance 
for  typical  couple  [8],  7’*  =  300°K. 


Analytical  expressions  for  0  and  £  are  not  difficult  to  obtain  in  simple  form  for  othsr 
values  of  current.  Some  idea  of  the  way  in  which  0  and  £  vary  with  current  and 
temperature  difference  may  be  obtained  from  Fig.  12-17,  where  and  £  are  dotted 
against  /  with  AT  as  a  parameter.  Again,  the  numbers  refer  to  the  couples  used 
for  Fig.  12-15  and  12-16. 


Fig.  12- 17.  Rate  of  heat  pumping 
and  coefficient  of  performance  as 
functions  of  current  for  various  tem¬ 
perature  differences  with  7*  -  300°  K 
18). 
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12.2.4.6.  Single-Stage  Coolers  [8].  A  single-stage  thermoelectric  cooler  consists 
of  a  p-type  and  an  n-type  semiconductor  connected  together  by  a  metallic  conductor 
(rig.  12-18).  An  external  battery  causes  the  flow  of  a  current;  flow  produces  a  tem¬ 
perature  difference  between  the  two  junctions  by  absorbing  heat  at  ons  and  releasing 
it  at  the  other.  The  performance  of  a  thermoelect rf  •  couple  as  a  function  of  temperature 
difference  is  shown  ;n  Fig.  12-19.  The  hot  junction  is  held  fixed,  and  the  temperature 
is  varied  by  changing  it  at  the  cold  junction.  For  each  change  in  temperature,  the 
applied  voyage  has  been  adjusted  to  maximize  the  coefficient  of  performance.  The 
two  main  operating  modes  for  any  thermoelectric  cooler  occur  at  the  points  where 
both  the  heat-pumping  rate  and  the  coefficient  of  performance  are  maximum. 


Cold  Junction 


Fju.  12-18.  Thermoelectric  cooler. 


Temperature  Difference 


Fic.  12-19.  Performs  nee  of  thermoelectric  couple  as 
h  function  of  temperature  difference  [9] 
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12.2.4.7.  Single-Stage,  Multicouple  Coolers.  Thermoelectric  couples  of  similar 
material  can  be  c  ranged  in  thermal  parallel  to  increase  their  heat-pumping  capacity. 
When  identical  couples  are  placed  in  thermal  parallel  (Fig.  12-20)  and  supplied  with 
equal  currents,  they  pump  w  many  tin.es  more  heat  at  the  same  temperature  difference 
and  with  the  same  coefficient  of  performance  as  there  are  couples.  To  ensure  that 
the  couples  are  supplied  with  equal  currents,  they  are  connected  in  series  electrically. 
Thin  foils  or  films,  or  materials  of  good  thermal  conductivity,  are  us*.d  as  insulation 
between  couples  since  they  do  not  increase  the  theimal  resistance  significantly. 


Conductors 


Mounting  Surface 


Fig.  12-20.  Eight  ample,  single-stage  cooler. 


12.2.4.8.  Multistage  Coolers.  Thermoelectric  couples  are  connected  in  theimal 
series  or  cascaded  for  two  purposes:  to  provide  a  temperature  difference  greater  than 
that  obtainable  from  a  single  couple,  or  to  achieve  a  higher  coefficient  of  performance 
for  a  given  heat  load  at  an  established  temperature  difference.  The  limit  on  the  coeffi¬ 
cient  of  performance  is  related  to  the  limit  on  the  maximum  temperature  difference  by 


(12-28) 


Cr.iaj 


A  Tma;  1 


A Trna,  -  A7Y> 


AT  2  V  A TmaJ\  ThJ  \  T* 

The  coefficient  of  performance  for  cascaded  couples  is  given  by 


HK)K)  ■  KH'' 


(12-29) 


(12-30) 


The  results  obtained  from  the  use  of  a  two-stage  cooler  may  be  illustrated  by  the 
the  following  example.  A  single-stage  cooler  made  from  materials  such  that  Zr  — 
2  x  10~*/°K  (Sec.  12.2.4.1)  and  operating  between  260°  X  and  300°K  is  replaced  by 
two  stages,  each  operating  with  AT  =  20°  Whpn  th-  ’urrents  are  adjusted  for  maxi¬ 
mum  efficiency,  the  'Coefficients  of  performance  are  0  '0  for  the  single-stage  cooler 
and  0.42  for  the  two- stage  cooler.  However,  if  the  currents  are  adjusted  for  maxi¬ 
mum  heat  pumping,  the  coefficients  are  0.18  for  the  single-stage  cooler  and  only  0.06 
for  the  two-stage  cooler. 

Further  improvement  eou’d  be  obtained  by  adding  a  third  stage,  but  for  the  above 
example  the  improvement  is  small  (about  10%).  In  general,  the  improvement  for 
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two  stages  is  greatest  when  A7'A7V ,,  is  nearly  unity.  When  A77A7\mj-  >  1,  t  multi¬ 
stage  device  is  the  only  way  remove  heat  from  the  cold  junction  under  stead  -state 
operation . 

The  prc*ading  discussion  has  referred  primarily  to  cascaded  systems  in  which  the 
objective  is  to  improve  efficiency  with  a  given  temperature  difference,  u  ihe  principal 
objective  is  to  obtain  a  large  temperature  difference  between  the  cooled  region  and  the 
heat  sink,  each  stage  can  be  ope-ated,  inefficiently,  at  nearly  its  maximum  tempera¬ 
ture  difference,  thereby  giving  A T,,ax  =  A TmoXx  4-  AT*ax,  4-  AT*, ax,  4  ...  4-  A Tmain 
for  o  stages.  Since  operation  at  with  A T  =  &TmaT  is  inefficient,  successive  stages  at 
higher  temperatures  must  be  designed  to  pump  rapidly  increasing  amounts  of  heat. 
It  should  be  borne  in  mind  that  A Tmax  is  different  for  each  of  the  successive  stages 
even  if  constant  »nnterial  properties  are  assumed,  because  of  the  dependence  of  - 
on  the  square  of  the  absolute  temperature  of  the  cold  junction. 

In  considering  the  design  of  multistage  coolers,  it  is  clear  that  it  would  be  undesirable 
to  supply  power  to  each  stage  separately  through  copper  leads  from  a  power  supply 
at  a  temperature  of  approximately  300°  K.  Both  the  t’  ermal  losses  through  the  leads 
and  the  thermal  insulation  between  stages,  introduced  by  the  required  electrical  in¬ 
sulation,  would  constitute  sources  of  inefficiency.  This  inefficiency  can  be  avoided  by 
designing  a  network  of  unequal  thermoelectric  elements  that  would  allow  the  op¬ 
timum  currents  to  be  supplied  to  each  aim  «f  each  stage  from  the  adjacent  stages 
(Fig.  12-21  . 

Figure  \2-22  shows  the  variation  of  tne  cold-junction  temperature  as  the  input 
current  is  varied  for  a  typical  four-stage  cascade  cooler.  The  cold-junction  tempera¬ 
ture  versus  co  ,-junction  load  is  shew  ;,  in  Fig.  12-23,  and  the  cold-junction  temperature 
versus  time  is  shown  in  Fig.  12-24.  Because  the  cold-junction  temperature  is  ex¬ 
tremely  sensitive  to  convection  loading,  the  thermoelectric  cooler  is  usually  mounted 
in  a  chamber  evacuated  to  a  very  low  pressure.  Figure  12-25  shows  the  effect  of  the 
vacuum  pressure  on  the  cold-junction  temperature. 

For  the  most  effective  cooling,  the  difference  in  the  Seebeck  coefficients  should  be  an 
great  ns  possible,  the.  electrical  resistance  lew,  and  the  therms  1  conducti  vity  small. 
In  addi.ion,  consideration  must  be  gw  m  the  optimum  cross  eections  of  the  arms  of 
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Fig.  12-21.  Ten  couple,  three- 
stage  cascade  cooler. 


INPUT  CURRENT  TO  COOLER 
(dc  amp) 


Fio.  12-22.  Cold  junction  tem¬ 
perature  versus  input  current 
with  hot  junction  at  i-27°C  and 
no  thermal  load  Ill].  ( Copy¬ 
right  Pesco  Products.) 
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COLD  JUNCTION  LOAD  (mw) 

Fig.  12-23.  Cold  junction  tem¬ 
perature  versus  cold  junction  load 
with  hot  jur  ction  at  +27"C  [11). 
(Copyright  Pcsco  Products.) 


Fig.  12-25.  Ciid  junction  tem¬ 
perature  versus  vacuum  pressure 
with  hoi.  junction  at  +27°C  tad 
no  other  thermal  load  [11] 
(Copyright  Peseo  Products ) 


Fig.  12-24.  Cold  junction  tem- 
peiature  versus  time  after  opti¬ 
mum  current  is  applied  [.  1. 
(Copyright  Pesco  Products.) 

Infrared  Trans  fa.  eric  Window 


Fig.  12-26.  Construction  of  a 
single-cell  detector  dewar 


the  couples,  heat  exchange  at  the  hot  and  cold  junctions,  electrical  and  thermal  re¬ 
sistance  of  the  junctions  and  conductors,  power-supply  problems,  and  changes  in  the 
heat  load  or  supply  current.  The  design  of  thermoelectric  coolers  is  given  in  [8]  and 
112). 

12.2.5.  Dewars.  Most  detectors  that  require  cooling  are  mounted  in  a  doub'e-walled 
vacuum  enclosure  called  a  dewar.  Dewars  can  be  conveniently  classified  according  to 
the  number  of  coolant  cells:  single  cell  (Fig.  12-26)  or  double  cell  (Fig.  12-27).  The 
dewar  maintains  the  coolant  in  thermal  contact  with  the  detector,  insulates  the  coolant 
from  the  environment  to  prevent  rapid  evaporation,  prevents  frost  from  collecting  over 
the  external  surfaces  of  the  dewar  (in  particular  the  window',  and  protects  the  delicate 
detector.  Also,  the  vacuum  construction  protects  the  detector  from  the  deteriorating 
effects  of  the  atmosphere. 

12.2.5.1.  Dewar  Construction.  A  variety  of  detector  configurations  and  envelope  con¬ 
structions  are  available  depending  on  the  mode  and  temperature  of  operation.  Dewars 
are  usually  custom  designed  for  a  particular  application;  however,  certain  stock  dewars 


558 


DETECTOR  COOL*  G  SYSTEMS 


are  available  (Table  12-8).  Dewar» '  re  also  made  by  the  manufacturers  of  detectors  for 
U;>3  with  their  detector  cells,  although  tome  companies  will  sell  them  separately.  Cur¬ 
rently,  dewars  are  constructed  mainly  of  Pyrex  glass,  although  metal  is  sometimes  used. 
Pyrex  glass  has  an  advantage  in  that  it  is  readily  available  in  many  sizes,  but  for 
dewars  are  constructed  mainly  of  Pyrex  glass,  although  metal  is  sometimes  used. 
Pyrex  glass  has  an  advantage  in  that  it  is  readily  available  in  many  sizes,  but  for 
helium  systems  it  has  one  drawback;  it  is  permeable  to  helium  gas  at  room  temperature. 
Thus,  after  several  uses,  the  helium  dewar  must  be  repumped  to  elir  nate  the  gas  in 
the  space  between  the  walls.  This  difficulty  can  be  avoided  if  care  is  taken  never  to 
fill  the  helium  dewar  with  gas  until  it  is  at  the  temperature  of  liquid  nitrogen.  The 
surfaces  oi  the  dewars  are  normally  coated  with  a  thin  .ayer  of  a  subp+aact  having 
good  refle.  von  characteristics,  except  for  a  thin  window  or  slit  on  opposite  sides  of 
the  dewai  walls  for  observation  of  the  liquid  level.  In  the  end-looking  detector,  an 
i’tfrared-tranpparent  window  is  joined  to  the  end  of  the  dewar  opposite  the  detector. 
In  the  side-looking  detector  the  window  is  incorporated  in  the  outside  wall  of  the 
dewai-  opposite  the  detector.  Once  the  window  is  attached,  the  detector  surface  is 
no  longer  available  for  testing  A  demountable  dewar  (Fig.  12-28)  that  is  evacuated 
before  each  test  is  used  if  it  is  necessary  that  the  detector  surface  be  readily  available. 
When  the  detector  cannot  be  physically  located  in  the  dewar,  a  thermal  conductor 
such  as  a  synthetic  ruby  or  sapphire  rod  provides  thermal  contact  between  the  detector 
and  the  coolsnt  in  the  dewar  to  assure  efficient  cooling. 


Fig.  12-27.  Construction  of  a  double-cell 
detector  dewar. 


Infrared  Transparent  Window 


Fio.  12-28.  Construction  of  a 
demountable  dewar. 


12-8.  Commercially  Available  Dewars  * 
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Dewars  can  be  used  interchangeably  with  different  coolants,  but  when  liquid  helium 
i»  used,  certain  precautions  must  be  followed.  The  liquid  must  be  protected  from  the 
atmosphere  at  all  times,  since  at  the  liquid-helium  temperature  all  other  substances 
are  solids.  Therefore  a  high-capacity  vacuum  pump  is  required.  Because  of  the  low- 
latent  heat  of  liquid  helium,  all  heat  leaks  into  the  bath  must  be  reduced  to  minimum. 
This  er  tails  the  use  of  a  double-cell  dewar  whoee  outer  container  or  shield  com.  •'ins 
liquid  nitrogen  so  that  the  liquid  helium  is  surrounded  by  a  body  at  a  temperature  wv '' 
below  ambient  room  temperature.  The  dewar  must  be  cooled  down  to  the  liquid 
nitrogen  temperature  before  liquid  helium  is  placed  in  die  inner  cell  to  prevent  the 
helium  gas  from  permeating  into  the  interspace  and  remove  the  sensible  heat  of 
the  dewar  with  economical  liquid  nitrogen  rather  than  expensive  liquid  helium.  Be¬ 
cause  of  the  low  latent  heat  of  helium,  a  very  large  quantity  would  be  required  to  cooi 
the  dewar  from  room  temperature  to  liquid-helium  temperature.  Whereas  in  a  regular 
dewar  the  interspace  is  evacuated  to  a  low  pressure,  usually  10~#mm  Hg,  in  a  helium 
dewar  a  considerable  quantity  of  air,  approximately  5  mm  Hg,  is  left  in  this  space.  The 
air  acts  as  a  heat  conductor  and  is  useful  in  cooling  the  well  to  the  liquid-nitrogen 
temperature,  thus  reducing  the  heat  load  on  the  liquid  helium.  When  the  liquid  he:ium 
is  added  to  the  well,  the  air  in  the  interspace  freezec  and  provides  an  excellent  insulat¬ 
ing  vacuum  of  about  10~10  mm  Hg. 

Temperatures  below  the  boiling  point  of  liquid  helium  can  be  produced  by  controlling 
the  vapor  pressure  through  pumping.  A  peculiar  creep  property  of  liquid  helium  below 
2.19°K  permits  it  to  flow  against  gravity  to  regions  that  are  warmer.  This  superfluid 
helium  is  called  helium  II.  To  reduce  the  flow  of  this  liquid,  a  constriction  is  ?  laced 
at  the  top  of  the  cooling  well.  However,  because  of  the  zero  viscosity  of  liquid  helium  II, 
r>,  large  quantity  still  passes  through  the  aperture.  Large  vacuum  pumps  capable  of 
pumping  2500  liters/min  at  a  pressure  of  0.1  mm  Hg  are  required  to  remove  the  evap¬ 
orated  gas. 

12.2.5.2.  Special-Construction  Dewars.  In  addition  to  the  cooled-detector-type 
dewar,  special  dewars  have  been  built  that  have  cooled  enclosures  and  apertures. 
These  dewars  are  the  same  as  an  ordinary  dewar,  except  the  detector  is  mounted  inside 
the  coolant  well  (Fig.  12-29).  The  aperture  well  is  coated  with  an  opaque  substance 


Fig,  12-29. 


Construction  of  a  cooled  perture  detector. 
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to  ensure  that  the  detector  views  a  relatively  cool  background.  The  inside  wall  of 
the  dewar  and  the  face  of  the  aperture  plate  is  usually  coated  with  a  material  of  good 
reflection  characteristics  to  reduce  heat  leak  from  radiation.  Cooling  the  detector 
enclosure  and  the  aperture  plate  deer*  ases  their  background  radiation,  and  also  results 
in  significant  changes  in  several  detector  parameters,  as  indicated  by  the  investigations 
on  PbSe  surfaces  [15J,  and  on  PbS  surfaces  [16]. 

Thu  contribution  of  optical  system  filters  to  the  background  radiation  can  be  sig¬ 
nificantly  deceased  by  lowering  the  temperature  of  the  filter.  This  can  be  accom¬ 
plished  most  conveniently  by  placing  the  filter  inside  the  dewar  between  the  window 
and  the  detector  (see  Chapter  It). 

12.3.  Space-Environment  Cooling  Systems  [17] 

Space  ooolii  y  systems  require  extreme  reliability,  often  coupled  with  a  requirement 
for  long  periods  of  unattended  operation.  They  are  particularly  restricted  as  to  size 
and  weight.  The  space  environments  of  high  vacuum  and  zero  gravity  create  problems 
of  liquid  behavior.  Development  of  a  cooling  system  ba**ed  on  the  sublimation  of  a 
solid  coolant  into  the  high  vacuum  of  space  shows  considerable  promise  since  the 
problems  associated  with  vapor  liquid  separation  while  venting  in  a  zero  gravity 
fluid  are  avoided.  This  cooling  system  consists  of  a  solidified  gas  or  liquid,  an  insulated 
container,  an  evaporation  path  to  space,  and  a  conduction  path  from  the  coolant  to 
tlie  device  being  cooled  (Fig.  12-30).  The  operating  temperature  obtainable  with  this 
system  depends  upen  the  choice  of  coolant,  the  pressure  maintained  in  the  system, 
and  the  beat  load.  By  varying  the  vapor  flow  rate,  which  in  turn  regulates  the  back 
preasu  -e  and  temperature  of  the  effluent  flow,  a  specific  operating  temperature  can  be 
maintained.  The  system  s  operating  time  depends  on  the  amount  of  coolant  and  the 
heat  load. 


Belkua  Scaled  Gu 
Escape  Port 


taper  - 
Insulation 


Support!  for 
Inner -Container- 

Inner- Container 
Wall 

Outer-Container 
Wall 

Bellows  Sealed 
Acceaa  Port 


Heat  Transfer 
Rod 


Fig.  12-30.  Space  environment  coolant  system  [171. 


12.3.1.  Operating  Principles.  The  space  environr  nt  cooling  system  is  based 
on  the  pressure  dependency  of  the  temperature  of  a  solid  in  equilibrium  with  its  vapor. 
The  vapor  pressure  versus  temperature  plot  for  methane  is  shown  in  Fig.  12-31.  For 
an  operating  temperature  of  77°  K  using  solid  methane,  the  vapor  pressure  must  be 
maintained  at  a  value  of  9.0  torn.  Addition  of  heat  vaporizes  the  solid  coolant  and 
would  cause  the  vapor  pressure,  and  thus  the  temperature,  to  increase.  The  tempera¬ 
ture  and  pressure  are  maintained  constant  by  venting  this  vaporized  coolant  to  the 
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76  79  80  82  84  86  88  £0 

TEMPERATURE  (°K) 

Fig.  12-31.  Vapor  praaaure  vertu*  temperature  of 
■olid  methane  [17]. 


high  vacuum  of  space.  The  quantity  of  heat  that  a  given  weight  of  solid  coolant  re¬ 
moves  in  vaporizing  is  equal  to  the  sum  of  the  heat  of  fusion  and  the  heat  of  vaporization. 
For  example,  to  sublimate  1  g  of  solid  hydrogen,  which  has  a  heat  of  fusion  of  0.0544 
joule/kg  and  a  heat  of  vaporization  of  0.452  joule/kg,  506  joules  of  heat  input  are  re¬ 
quired.  The  rate  at  which  the  solid  vaporizes  per  unit  surface  area  is  given  by 

Q  -  ““  VMrf  (12-31) 

where  Q  =*  rate  in  g  sec- 1  cm*1 

P  =  vapor  pressure  at  temperature  T  in  torrs 
T  -  temperature  in  *  K 
y  —  molecular  weight  of  the  coolant 

12.3.2.  Design.  The  main  factors  entering  into  the  design  are  the  choice  of  coolant, 
surface  to-  'olume  ratio  of  the  container,  and  insulation  requirements  of  the  contc  ier 
and  Buppon  structures. 
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The  temperature  and  pressure  ranges  for  several  solid  coolants  are  given  in  Table 
12-9.  Solid  hydrogen  is  most  promising  because  of  ihe  wide  temperature  range  avai'- 
able.  Systems  have  been  conceived  using  solid  hydrogen  for  cooling  up  to  140°  K. 
At  a  higher  temperature  of  200° K,  solid  ammonia  is  another  promising  refrigerant 
because  of  its  high  density,  which  results  in  a  smaller  lighter  storage  container. 


Tablx  12-9.  Temperature  and  Pressure  Ranges 
of  Solid  Coolants  [17] 


Coolant 

Temperature  Range 
(°K) 

Pressure  Range 
(torrs)* 

Methane 

90-67 

80  1 

Argon 

83-55 

400-1 

Carbon  monoxide 

68-51 

10-1 

Nitrogen 

62-47 

73.6-1 

Neon 

24-16 

260-1 

Hydrogen 

14-10 

56-2 

*Below  this  pressure  only  a  1*  to  3*  temperature  drop  takes  place. 


A  cylinder  with  it i  length  L  equal  to  its  diameter  D  is  used  as  the  coolant  container 
since  it  has  the  lowest  surface-to-volume  ratio  of  any  simple  configuration.  Super¬ 
insulation  (Table  12-2)  having  a  low  thermal  conductivity  of  0.5  p.w  (cm  °K)-'  is  used 
as  the  insulating  material.  Heat  leak  through  the  support  structures  iB  reduced  by 
using  materials  of  low  thermal  conductivity  and  small  cross  sectional  ares,  with  the 
greatest  possible  length. 

The  main  source  of  heat  in  the  system  is  the  heat  leak  into  the  coolant  container. 
This  is  the  critical  “lenient  in  obtaining  optimum  system  weight  as  a  function  of  oper¬ 
ating  time  In  par  cular,  the  heat  leak  through  the  seals  must  be  a  minimum.  These 
seals  surround  the  heat  transfer  rxl  from  the  detector  to  the  coolant  and  provide  a 
path  to  the  pressure  control.  Bellows  are  used  as  seals  instead  of  straight  tubes 
because  of  the  greater  heat-path  length  they  provide  for  the  same  linear  thickness. 
A  2.54  x  10 m-thick  stainless-steel  bellows  with  a  heat-path  length  five  times  the 
insulation  thickness  is  considered  suitable. 

This  design  provides  a  methane  cooler  with  a  one-year  operating  temperature  of 
77°  K  that  weighs  13.8  kg,  whereas  a  hydrogen  cooler  with  a  one-year  operating  tem¬ 
perature  of  13°K  weighs  31.7  kg.  If  a  bellows  seal  of  thinner  material  (5.08  x  IC~*  m) 
and  ^  heat-path  length  20  times  the  insulation  thickness  is  used,  weight  reductions 
9.06  kg  for  a  methane  cooler  and  20.2  kg  fo-  a  hydrogen  cooler  can  be  achieved. 
Thus,  reducing  the  heat  leak  through  the  insulation  or  the  ports  provides  a  more  effi¬ 
cient  cooler  in  which  the  heat  load  of  the  detector  is  the  controlling  factor. 

12.3.3.  Practical  Cooling  Systems.  The  results  of  calculations  of  system  weight 
using  hydrogen,  neon,  nitrogen,  carbon  monoxide,  argon,  and  methane  are  given 
in  Table  12-10.  Coolers  using  hydrogen  and  methane  have  the  lowest  weight  for 
their  respective  temperature  ranges.  System  weight  and  volume  as  function  of 
operating  time  for  a  solid-methane  cooler  are  shown  in  Fig.  12-32  and  12-33,  respec¬ 
tively.  System  weight  and  volume  as  a  function  of  operating  time  for  a  solid-hydrogen 
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T.ible  12-10.  Coolant  and  Insulation  Weights 

FOR  CYUNDRICAL  CONTAINER  (L=Z))  AND 

One- Year  Operation  [17] 


Coolant 

Coolant 

Temperature 

CK) 

Hydrogen 

12 

Necn 

24 

Nitrogen 

61 

Carbon  monoxide 

68 

Argon 

84 

Methane 

88 

Detector  head  load  -  100  mw 
Outer  container  temperature  -  300*  K 


Weight  of  Coolant 
and  Insulation 
(kg) 

29  8 

53.9 
28 
26.6 

30 

11.9 


OPERATING  TIME  (month*) 


Fig.  12-32.  System  weight  a*  £ 
function  of  operating  time  at 
various  outer  container  tempera¬ 
ture*  for  methane  coolant  [17). 


3  6  9  li 

OPERATING  TIME  (month*) 

Fic.  12-33.  System  volume  «a  a 
function  of  operating  time  at 
various  outer  container  tempera¬ 
ture*  for  methane  coclnnt  [17). 
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Fig.  12-34.  System  weight  as  a  func¬ 
tion  of  operating  time  at  various  outer 
container  temperatures  for  hydrogen 
coolant  (17]. 


Fig.  12-35.  System  volume  as  a  func¬ 
tion  of  operating  time  at  various  outer 
container  temperatures  for  hydrogen 
coolant  [17]. 


70  74  78  82  86  90 

COOLANT  TEMPERATURE  (°K) 

Fig.  12-36.  Increases  of  methane  cooling  system  weight  with 
decrease  in  coolant  temperature  [  17). 
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cooler  are  shown  in  Fig.  12-34  and  12-35,  respectively.  The  effects  of  anbient  tempera¬ 
ture  Ore  also  indicated  on  these  plots.  The  weight  and  volume  v. '  the  methane  and 
hydrogen  cooling  systems  were  calculated  using  only  one  operating  temperature  for 
each  coolant.  Figure  12-36  shows  the  results  of  alculations  made  to  determine  the 
change  in  weight  of  the  system  when  different  temperatures  ate  used.  The  weight  of 
the  < container,  the  pressure-control,  and  the  heat-transfer  rod  were  neglected  in  the 
calculations  for  Fig.  12-36.  The  container  weight  does  not  exceed  0.453  kg  for  any 
confii juration  or  operating  time,  and  the  pressure-control  and  transfer-rod  weights 
were  estimated  to  total  1.812  kg. 

12.4.  List  of  Manufacturers 
Aerojui-Generc  I,  Azusa,  California 

AiResearch  Manufacturing  Division,  Garrett  Corp.,  9851  S.  Sepulveda  Boulevard, 
Los  Angeles  45,  California 

Air  Products  and  Chemicals,  Allentown,  Pennsylvania 
Arthtr  D.  Little,  Acorn  Park,  Cambridge,  Massachusetts 
Cryc generators,  Division  N.A.  Philips  Co.,  Ashton,  Rhode  Igland 
Energy  Conversion  Inc.,  336  Main  Street,  Cambridge  42,  Massachusetts 
Fairchild  Stratos,  1800  Rosecrans  Avenue,  Manhattan  Beach,  California 
Hofroan  Laboratories,  Inc.,  5  Evans  Terminal,  Hillside,  New  Jersey 
Honeywell,  Military  Products  Group,  1915  Armacost  Avenue,  Los  Angeles  25,  California 
International  Telephone  and  Telegraph  Corp.,  Industrial  laboratories  Division,  Fort 
Wayne,  Indiana 

Jepson  Thermoelectric,  Inc.,  139  Nevada  Street,  El  Segundo,  California 

Linde  Co.,  Div.  Union  Carbide  Corp.,  270  Park  Avenue,  New  York  17,  New  York 

Malaker  laboratories,  Inc.,  West  Main  Street,  High  Bridge,  New  Jersey 

Martin  Company,  Electronic  Systems  and  Products  Division,  Baltimore  3,  Maryland 

Materials  Electronics  Products  Corp.,  990  Spruce  Street,  Trenton.  New  Jersey 

Needco  of  America,  Inc.,  5770  Andover  Avenue,  Montreal  9,  Quebec,  Canada 

Norden,  Division  United  Aircraft  Corp.,  Norwalk,  Connecticut 

Ohio  Semiconductors,  1205  Chesapeake  Avenue,  Columbus  12,  Ohio 

Pesco  Products  Division,  Bnrg-Wamer  Corp.,  Bedford,  Ohio 

Pliilco,  Lansdale  Division,  Lansdale,  Pennsylvania 

Radiation  Electronics,  Division,  Comptometer  Corp.,  Chicago,  Illinois 

Raytheon,  Spencer  Laboratoi '  ~s,  Burlington,  Massachusetts 

Santa  Barbara  Research  Center,  Goleta,  California 

Texas  Instrument  Inc.,  Dallas  Texas 

Westinghou3e,  Air  Arm  Division,  Friendship  Airport,  Baltimore,  Maryland 
References 

1  P.  R  Barker  and  W.  L.  Brown,  "Cooling  Devices  lor  Infrared  Detectors,”  in  Infrared  Quantum 
Detectors,  Institute  of  Science  and  Technology  ,  The  University  of  Michigan,  Ann  Arbor,  Mich., 
Kept.  Nc.  2??9-50-T  (July  1961)  (CONFIDENTIAL). 

2.  Data  Sheet,  "Cryogenic  Data,”  Cryogenic  Engineering  Co  ,  Denver,  Colo. 

3.  J.  R.  Kettler  and  P.  L.  Rice  Closed  Cycle  Helium  Refrigeration  for  Cooling  Electronic  Compo¬ 
nents,  AE-1991-R,  Rev.  1.  AiResearch  Manufacturing  Division,  Garrett  Corp.,  Los  Angeles 
(1962). 

4.  Instruction  Manual  for  Nitrogen  Pressure  Generator,  Barnes  Engineering  Co.,  Stamford, 
Conn.  (1961). 


REFERENCES 


567 


5  Sales  Brochure,  Infrared  Cooling,  SER-24-1,  AiResearch  Manufacturing  Division,  Garrett 
Corp.,  jos  Angeles  (1962'. 

6.  Sales  Brochure,  Infrar  i  Component’ Santa  Barbara  Research  Center,  Gi.leta,  California 
(1962'. 

7.  Sales  Brochure,  Moisture  Trap  for  Drying  High  Pressure  Nitrogen  Gas,  ITT  Components  and 
Instrumentation  Lab..  Fort  Wayne,  Ind.  (1961). 

8.  R.  H.  Vought,  "Peltier  Cooling,”  in  Infrared  Quantum  Detectors,  Institute  of  Science  and 
Technology,  The  University  of  Michigan,  Ann  Arbor,  Mich.,  Rept.  No.  2389-50-T  (July  1961) 
(CONFIDENTIAL) 

9.  B.  L  Worsr.op,  Applications  of  Thermoelectricity,  Wiley,  New  York,  8-106  (1980). 

10.  R.  R.  Heikes  and  R.  W.  Ure,  Jr.,  Thermoelectricity,  Science  and  Engineering,  Interscienrc, 
New  York,  15,  458-517  (1961) 

11.  Sales  Brochure,  Thermoelectric  Cascade  Cooler  094438-010,  Pesco  Products  Division,  Borg- 
Warner  Corp.,  Bedford,  Ohio  (1962). 

12.  M.  B.  Grier,  Pruc.  IRE,  47  (1959). 

13.  F.  E.  Jaumet.,  Proc.  IRE,  46,  538  (1958). 

1 4.  H.  J.  Goldsmid,  Applications  oj  Thermoelectricity  Wiley,  New  York,  N.  Y.  ilOSO). 

15.  R.  M.  Talley,  T  H.  Johnson,  and  D.  E.  Bode,  Proc.  IRIS,  4,  No.  4  (1959). 

16.  J.  J.  McArdle,  Proc.  IRIS,  6,  No.  1,  107,  Infrared  Industries,  Waltnam,  Mass.  (1961). 

17.  A.  I.  Weinstein,  A.  S.  Friedman,  and  U.  E.  Gross,  Pror.  IRIS,  1,  No  187-191,  Aerojet-General 
Corp.,  Azusa,  Calif.  (1962). 


LANK  PAGE 


W— 


"T?" 


Chapter  13 
FILM 


Allan  L.  Sorem 

Eastman  Kodak  Company 


Gwynn  H.  Suits 

The  University  of  Michigan 


CONTENTS 


13.1.  Introduction  . 570 

13.2.  Available  Infraied  Films  and  Plates .  570 

13.3.  Hypers'\~sitiring .  570 

13.4  Definition  of  Density  and  Exposure  .  573 

13.5.  Sensitometric  Characteristics  .  573 

13.6.  Spectra*.  Sensitivity  and  Filter  Tranamittances .  574 

13.7.  Reciprocity  Characteristics .  574 

13.8.  References  for  Additional  Details .  574 


569 


13 


Film 


13.1.  Introduction 

Moot  of  the  characteristics  of  infrared  photographic  film  and  plates  are  not  unlike 
those  of  visible  light  films  and  plates.  The  primary  distinction  is  that  the  infrared 
emulsion  responds  to  radiation  in  the  near-infrared  spect:  al  region  as  well  as  to  some 
part  of  the  visible  and  ultraviolet. 

Infrared  films  can  be  handled  like  similar  conventional  materials,  except  that  extra 
precautions  should  be  observed  to  make  sure  that  the  films  will  not  be  fogged  by  un¬ 
suspected  stray  infrared  radiation.  Loading  and  unloading  of  cameras,  magazines,  or 
cassettes  should  preferably  be  done  in  total  darkm  s.  Certain  woods,  hard  rubbers, 
plastics,  and  black  napers  are  not  opaque  to  near  infrared  radiation.  Thus,  accidental 
fogging  of  infrared  film  can  occur  when  improper  protective  covering  in  used  for  the 
plates.  Metal  foil  on  black  paper  is  a  dependable  covering.  If  a  safe-light  is  needed 
during  processing,  it  must  be  used  with  a  filter  specifically  recommended  for  infrared 
materials,  since  most  safe-lights  transmit  infrared  freely.  The  Kodak  Safe-Light 
Filter,  Wratten  Series  7,  is  recommended. 

When  infrared  film  is  used  in  equipment  designed  primarily  for  visible-light  pictog¬ 
raphy,  some  additional  precautions  should  be  noted.  The  lens  focal  positions  indicated 
by  barrel  markings  or  range  finder?  on  cameras  designed  for  visible-light  photography 
do  not  apply  accurately  when  infrared  film  is  used.  The  longer  wavelength  rays  are 
refracted  less  by  lenses  so  that  tile  effective  focal  length  of  the  lens  is  about  0  5%  longer 
than  the  visible-light  focal  length.  In  addition,  aberration  corrections  wnich  are  made 
to  optimize  the  sharpness  of  the  image  in  the  visible  portion  of  the  spectrum  are  not 
generally  optimum  for  the  infrared  portion.  Exposure  meters  designed  for  visible  light 
use  do  not  respond  to  near-infrared  radiation.  Hence,  these  meter  readings  are  not 
useful  as  exposure  indicators  unless  the  ratio  of  visible  to  infrared  radiation  is  known 
beforehand. 

13.2.  Available  Infrared  Films  and  Plates 

Infrared  films  are  available  in  roll  form  for  still  and  motion-picture  cameras,  and  in 
sheet  form.  In  addition,  spectroscope  plates  and  films  with  spectral  sensitivity  in  the 
near-infrared  region  are  available.  Table  13-1  lists  brief  descriptions  of  these  materials 
as  an  indication  of  the  types  of  films  currently  available  and  of  the  forms  in  which  they 
are  solo  through  dealers. 

13.3.  Hypersensitizing 

The  speeds  of  some  infrared  films  and  plates  can  be  increased  by  hypersensitizing 
them.  For  best  results  this  should  be  done  just  before  exposure,  and  in  any  case  the 
films  and  plates  should  be  used  within  a  few  days  alter  hypersensitizing.  This  proce¬ 
dure  is  essential  for  Kodak  spectroscopic  films  and  plates  having  M,  N,  and  Z  sensi- 
ti  zings. 

Film*  or  plates  to  be  hypersensitized  should  be  bathed  in  a  weak  solution  of  ammonia 
made-  by  diluting  4  parts  of  28%  ammonia  (the  strongest  available  commercially)  with 
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Table  13-1.  Infrared  Films  and  Plates 


HYPERSENSITIZING 


571 


2  E  si 

i 1  *  g  f  § 

y  =  .£  c  Ji  JS 

*  js  5  i  e  | 

c  c  &  3  6 

-  s  o-o  jg  | 

2  as.  §  >. a 
•g  i  -  t'g 

Jgeg'b* 

*  1  ~  1  £  £  g 
«  a  e  r.  a  * 


3  ST 

i; 

8.H 

r:  w  o 


•s  1 1  ■ 

*  v  ?  a!  s 

P  v.  i,  a  .'  c  r  ^3  « 

£  a^  -  'r  i  s  * 
_ .  p  &C  C  F  ^  Si  F 

*  _  etc  75c 

1  s :  e  B.£  i 
g  S  °  *  *s  a.  t 

a£?^:ssci 

ini  S  c  £  *  r  — 

« .2  o'8'S  &<£ 


E  -*  ■ 

•=■§>• 
t*.  5  z 

*  . 


■n  ^  5* 

£  si 

w  y 
c  ;  e 
.2  U  r 

°&s 


41 

“1 

2 

2  £ 

1? 

IJ 

3  J2 

i  e 

8  4.; 

JO 

1 

|  co 
"C 

5* 

p  *j 

—  .c 
<  * 

x  8 

ill 
-<  *1 

i’i 

cy  N 
-a 

&  § 

1 

d 

fX 

2^  s 
14  3 
8  E  2 

-&«  g 

t§  i 

1-2  8 
£  «x 

2  §  2 


j  Ml 

mu 


X  «  a  °  * 

Si*** 

£3^S| 

.1  a  c  £■ 


x  aj  >i  l  * 
:►».*  a  c  £• 

Hill 


Jlio- 

ill  11.1-gf*  *  S' 
If  *-■  I?  fc  "  &3  " 

if  £sfiii*?S 

!  «  4i  >  §  t  ~  SsT  2  7 

;  '5  3  -s  1  f  2  ^  % 
5  —  C  c  -a  o  C  E  t  -■ 


£  o 
jc  £ 

3  < 

Si 

15  E 


i  r e  ii j 

Jig  ss; 


572 


FILM 


a  Z 

8  I  . 

X  er  — > 

4,  tj* 

=  JJ2 


IJJI 

!ii; 

3  « z  • 

pill 


03  ' 

(A  o  x  ' 

a  x  b 


c  o  c 

1  S'*  . 

fli  ‘ 

a  p  - 
2*3 

t  &M 

?giS 

i!“| 

|  is  1 


**  > 

,  «->  2 
*—  3  C 

M! 

H  o  <r 

S?  8.  . 

«  2  _  ® 

i  a  5  © 

i**3 


lipi  i 


e  u>  o>  8  $ 
p  c  P  g;  * 

1|IH  I  i 
j?  |  d  a  |  | 

i^s3i  .  i 
I  £t-  2  ||  i 

w  >  ®  -  -°  >  S 


Sc  iS 
,«  3  (N  >* 

at 

i!J  I 

:  £  O  S  -* 

\  2  .  v  S 

.  o  c  .>  S. 

:  l  -  5  « 


i.SiS«2 
<8  %  a  *  a  ? 

o  8  a  .£  **  w 

E  S  S  -  *  « 

£  ■?  S  .  >, 

2|s<*  II 


t  |  E.g 

B  *6 


£«  s£  i  ,3iS  £  sj<  , 

§  Jin  ]*4Hlf 


”5  jtf 

*  --  co  § 


SENSITOMETRIC  CHARACTERISTICS 


573 


100  parts  cf  water.  Concentrated  ammonia  is  a  dangerous  irritant  and  should  he 
handled  cautiously.  The  diluted  ammonia  solution  should  preferably  be  used  at  a 
ture  of  about  40°F  but  never  at  a  temperature  exceeding  55°F.  The  films  or  plates 
should  be  bathed  for  about  3  minutes.  The  material  should  then  be  bathed  for  2  to  3 
minutes  in  methyl  or  ethyl  alcohol  and  dried  as  rapidly  as  possible  in  a  stream  of  cool, 
dust-free  air  from  a  blower  or  fan. 

Kodfck  Spectroscopic  Plate  and  Film  Type  1-N  car  be  hypersensitized  by  using  plain 
water  instead  of  the  ammonia  solution  described  above. 

Care  must  be  exercised  in  hypersensitizing  to  prevent  streaking.  In  drying,  partic 
ular  care  must  be  taken  to  keep  dust  from  the  emulsion  surface,  to  prevent  spotting. 

13.4.  Definition  of  Density  and  Exposure 

The  exposure  and  development  of  photographic  film  produces  an  image  consisting 
of  area3  having  different  transmittances,  depending  on  the  number  and  size  of  the 
silver  grains  present.  If  the  transmittance  is  measured  by  the  ratio  of  the  intensity 
of  the  undeviated  light  passing  through  the  plate  or  film  to  that  of  the  incident  colli¬ 
mated  light  on  the  bade,  then  the  transmittance  is  called  the  specula  •  transmittance. 
If  the  transmittance  is  measured  by  the  ratio  of  the  intensity  of  the  undeviated  and 
scattered  light  together  to  that  of  the  incident  collimated  light,  then  the  transmittance 
is  called  the  diffuse  transmittance.  The  opacity,  O,  is  defined  as  the  reciprocal  of  the 
transmittance.  The  density,  D,  is  defined  as  logio  O.  Thus,  depending  upon  the  man¬ 
ner  of  meaburement  of  transmittance,  there  is  a  corresponding  specular  and  diffuse 
density.  The  density  values  used  in  the  data  of  this  chapter  are  diffuse  density  values. 

The  exposure,  E,  may  be  expressed  either  as  the  time  integral  of  the  illuminance,  7, 
or  the  time  integral  of  irradiance,  77,  so  that 


E  (photometric) 


--‘If 


V< \)H  (X)  dkdt 


E  (radiometric) 


-/r 

Jo  Jkt 


HiVdkdt 


where  V  (X)  is  the  relative  visibility  curve  and  C  is  a  conversion  factor.  In  photographic 
literature,  when  E  is  expressed  as  a  photometric  quantity,  the  units  of  E  are  c"stomarily 
meter-candle-seconds.  When  E  is  expressed  as  a  radiometric  quantity,  the  units  of 
E  are  customarily  ergs  per  square  centimeter. 

13.5.  Sensitometric  Characteristics 

The  c  urves  presenting  density  as  a  function  of  logio  E  are  known  os  the  7/  and  D 
curves  (after  Hurter  and  Driffield),  or  usually  just  the  characteristic  curves  (see  Fig. 
13-1  to  13-8).  The  standard  rtource  of  radiation  for  obtaining  these  curves  is  an  artificial 
source  which  is  made  to  provide  an  irradiance  the  spectral  distribution  of  which  is  close 
to  that  provided  by  a  6100°K  blackbody  in  the  restricted  spectral  interval  of  interest. 
This  source  is  intended  to  simulate  average  daylight  (sunlight  plus  skylight).  From  the 
illuminance  f  jm  this  source  one  may  derive  a  unique  irradiance  in  the  infrared  spectrai 
region.  Although  more  direct  use  of  E  (radiometric)  for  characteristic  curves  of  infrared 
film  makes  good  sense,  E  (photometric)  has  been  used  in  the  literature  p.nd  is  a  valid 
indicator  of  the  magnitude  of  E  (radiometric).  When  a  filter  is  specified  along  with  thv 
characteristic  curves,  the  effects  of  the  filter  losses  are  implicit  in  the  characteristic 
curves.  The  filter  is  considered  to  be  an  integral  part  of  the  film. 
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ft  is  important  to  point  out  that  the  characteristic  curves  are  average  properties  and 
have  a  meaning  in  this  regard  similar  to  published  characteristics  of  vacuum  tubas.  In 
addition,  these  characteristics  hold  only  for  the  specified  conditions  of  exposure  and 
processing.  Changes  in  exposing  light  quality  or  in  processing  will  yield  a  different 
set  of  characteristic  curves.  The  response  of  photographic  materials  to  parameter 
variation  tends  to  be  nonlinear  with  almost  every  parameter.  It  cannot  be  too  strongly 
stressed  that,  when  photometre  or  radiometric  measurements  are  to  l>e  made,  the 
apparatus  to  be  used  must  be  calibrated  for  photographic  response.  Extreme  care 
must  be  exercised  to  obtain  reproducible  processing  conditions.  When  possible, 
calibrating  exposures  should  be  made  adjacent  to  the  areas  to  be  measured.  A  wealth 
of  information  concerning  the  use  and  problems  of  photographic  materials  for  photom¬ 
etry  may  be  found  in  the  literature  of  astronomy. 

13.6.  Spectral  Sensitivity  and  Filter  Transmittances 

The  sensitivity  of  a  photographic  film  to  monochromatic  light  is  defined  as  the  recip¬ 
rocal  of  the  monochromatic  exposure  (in  erg  cm-1)  required  to  produce  a  stated  den¬ 
sity  above  the  fog  level.  The  common  logarithm  of  the  sensitivity  as  a  function  of 
wavelength  is  given  in  Fig.  13-9  through  13-14.  Not’ce  tnat  in  Fig.  13-12  the  sensi¬ 
tivity  curve  for  D  —  0.3  is  not  exactly  a  vertical  translation  of  the  cv.rve  forD=  1.0.  This 
indicates  that  gamma  is  a  function  of  wavelength  as  well  as  a  function  of  development 
time  Transmission  curves  for  some  useful  filters  _re  found  in  Fig.  13-15. 

13.7.  Reciprocity  Characteristics 

The  reciprocity  Saw  states  that,  when  all  other  parameters  are  held  fixed,  the  final 
density  or.  the  film  depends  only  upon  the  produce  of  the  illuminance  due  to  the  standard 
source  ~nd  the  exposure  time.  This  law  does  not  hold  for  extremes  in  exposure  condi¬ 
tions.  Very  high  intensity  light  of  short  duration  and  very  low  intensity  light  of  long 
duration  are  both  less  effective  in  achieving  a  given  density  than  moderate  values  of 
light  and  exposure  times.  The  reciprocity  characteristics  are  shown  in  Fig.  13-16 
through  13-18,  which  ore  plots  of  log  exposure  in  meter-candle-seconds  vs.  Lg  illumi¬ 
nance  (photometric  irradiance),  with  constant  exposure  time  lines  indicated.  The 
degree  of  deviation  from  a  straight  horizontal  line  shows  the  degree  of  reciprocity-law 
failure. 

13.8.  References  for  Additional  Details 

An  important  reference  for  more  detailed  discussion  of  infrared  photographic  mater¬ 
ials,  sources  of  illumination,  and  applications,  is  Walter  Clark,  Photjgraphy  by  Infrared. 
(Wiley,  New  York,  1  >46).  A  good  discussion  of  photographic  materials  and  materials 
and  photometric  concepts  and  terminology  may  be  found  in  Hardy  and  Perrin,  The 
Principles  of  Optics,  (McGraw-Hill,  New  York,  1932).  A  chapter  devoted  to  "Astro¬ 
nomical  Photographic  Photometry”  may  be  found  in  F.  E.  Ross,  The  Physics  of  the 
Developed  Photographic  Image  (Van  Nostrand,  New  York,  1924). 

Additional  information  about  infrared  photographic  materials  may  be  found  in  two 
Kodak  publications:  Infrared  and  Ultraviolet  Photography,  No.  M-3,  and  Kodak  Plates 
and  Films  for  Science  and.  Industry,  No.  P-9. 
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Fig.  13.1.  Characteristics  of  Kodak  Infrarid  Sheet  Film  exposed  to  sunlight  -lirough 
Wratten  A  filter  No.  25,  developed  with  intermittent  agitation  at  t>8'F  (20°C). 
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Fig.  13.2.  Characteristics  of  Kodak  Infrared  Sheet  Film  (35  mm),  exposed  to  sunlight 
through  Wratten  A  filter  No  25,  developed  with  intermittent  agitation  at  G8°F  (20°C). 
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Fig.  13-3.  Characteristics  of  Kodak  High-Speed  Infrared  Film  'H5218),  exposed  to 
sunlight  through  Kodak  Wratten  filter  No.  35,  developed  in  Kodak  Developer  D-76  at 
68'F  <2fl°C)  with  intermittent  agitation. 
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Fig.  13-4.  Characteristics  of  Eastman  Infrared  Negative  Film,  Type  5210,  exposed  to 
daylight  through  Kodak  Wratten  filter  No.  25,  developed  in  Kodak  DeveLper  No.  D-7G 
in  a  sensitometiic  machine 


lllumltuuit:  Infrared  (Daylight 
through  Wratten  #25  Fitter) 
Development  DK-50  at  68°F  (20°C) 
In  Sensttometrlc  Machine 


lllumlnant:  Infrared  (Daylight 
through  Wratten  #25  Filter) 
Development:  D-19  at  68°F  (20°Cj 
in  Sensltometrlc  Machine 
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Fig.  13-5.  Charncteristvs  of  Kodak  Infrared  Xerographic  Film.  Daylight  through  a  No.  25  filter 
is  the  illuminant;  for  A  the  developer  was  DK-50  at  Ld°F  (20°C),  tor  B  it  was  D-19  at  68°F  (20°C)  - 
both  in  a  sensitometnc  machine. 
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Fig  13-6.  Characteristics  of  Kodak  Spectroscopic  Plate  and  Film,  Type  I-N  hypereensitized 
with  water,  exposed  to  daylight  through  Kodak  Wratten  filter  No.  25,  developed  in  Kodak 
Developer  No.  D-19  at  68°F  (20° F>  in  a  senaitometric  machine. 
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Fig.  13-7  Characteristics  of  Kodak  Spectroscopic  Plate  and  Film,  Type  I V-N,  hyperaensitized 
with  ammonia,  exposed  to  daylight  through  Kodak  Wratten  filter  No.  25,  developed  in  Kodak 
Developer  No.  D-19  in  a  sensitometric  machine. 
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Fig.  13-8.  Characteristics  of  Kodak  Spectroscopic  Plate  and  Film,  Type  IV-N,  hypersen- 
silized  with  ammonia,  exposed  to  daylight  through  a  Kodak  Wratten  filter  No.  25,  devel¬ 
oped  in  Kodak  Developer  No.  D-76  at  68°F  (20°C)  a  sensitometric  machine. 
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Fig.  13-S.  Spectral  sensitivity  of  Kodak  Infrared  Film  developed  in  Kodt  • 
Developer  DK-50  5  min  at  68°F  (2C"F).  D  =  0.6  above  gross  fog. 


Fig  13-10.  Spectral  sensitivity  of  Eastman  Infrared  Negative  Film,  Type 
5210  developed  in  Kodak  Developer  D-76  9  min  at  68°F  (20  F).  D  —  0.6 
above  gross  fog. 
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Fig.  13-11.  Spectral  sensitivity  of  Kodak  High-Speed  Infrared  Film 
developed  in  Kodak  Developer  D-76  7-1/2  min  at  67°F  (2Q°F).  D  =  0.6 
above  gross  fog.  Dashed  lines  show  effective  sensitivities  when  the  Kodak 
Wratten  filters  indicated  are  used. 
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Fic.  13-12.  Spectral  sensitivity  of  Kodak 
Spectroscopic  Plate  and  Film,  Type  I-N. 
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Fig.  13-13.  Spectral  sensitiv¬ 
ity  or  Kodak  Spectroscopic  Plate 
and  Film,  Type  I-M. 


Fig.  13-14.  Spectral  3enpitivity  of  Kodak 
Spectroscopic  Phte  and  Film,  Type  I  Z. 
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Fig.  13-15  Transmittance  of  Kodak  Wratten  filter*;  used  for 
infrared  photography. 
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F:g  13-  If*  Reciprocity  characteristics  for  exposure  to  3000'K  tungsten  filament  through 
Kodak  Wratten  filter  N'o.  25.  Films  developed  in  Kodak  Developer  i>76  at  6f*°F  (20°C) 
for  D  —  1  0  above  gross  fog.  A:  Kodak  Infrared  Film.  B:  Eastnsr  Infrared  Film,  Type 
5210.  C:  Kodak  High-Speed  Inirared  Film. 


FILM 


581 


EXPOSURE  TIME  (sec) 


F»c.  13-17.  Reciprocity  characteri8t.es  of  Kodak  Infrared  Aerographic  Film  for  D  -  1.0 
above  gross  fog. 
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g  13-18  Reciprocity  characteristic*  for  ev^ure  to  3000°X  tungsten  filament  through 
^W..«TL  No.  25.  Film*  .r  '  d*.*lor«l  »  K»Uk  D«v.  op*r  D-«« 

)°F  (20*0.  D  =  1.0  above  gross  fog.  n.odak  Spectroscopic  Plates  an 

water  hypersensitized.  B.  Type  IV-N.  ammonia  hypersensitued.  C  Type  I-Z. 
mmonia  hypersens.Ured  D  Type  I-M.  ammonia  b/persena.t.tec. 
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14.  Preamplifiers  and  Associated  Circuits 

14.1.  Owners!  Requirements 

The  characteristics  o»  detectors  used  in  infrared  systems  are  details  in  Chapter  11. 
The  impedance  of  these  detectors  extends  from  a  few  chms  to  hundreds  of  megohms,  and 
their  output  is  usually  in  the  order  of  microvolts. 

The  primary  objective  in  preamplifier  design  is  to  produce  an  amplifier  that  will 
increase  the  detector  signal  to  a  level  capable  of  being  transmitted  over  a  cable,  possibly 
exceeding  10  feet  in  length,  without  degrading  the  signal-to-noiBe  ratio  available  at  the 
detector.  The  primary  requirements  of  such  an  amplifier  are  low  noise,  high  gain, 
low  output  impedance,  large  dynamic  range,  good  linearity,  and  relative  freedom  from 
microphonics.  The  amplifier  must  be  compact,  rince  it  is  usually  mounted  near  the 
detector,  and  must  be  carefully  shielded  to  prevent  the  introduction  of  unwanted 
signals  by  stray  fields. 

14.2.  Sources  of  Amplifier  Noise  [1] 

14.2.1.  Thermal  Noise  [2,  3].  The  noise  Bpectrum  of  the  mean-square  open  circuit 
voltage  of  thermal  noise  is 

St(f)  =  4*77*  (14-1) 

where  *  =  Boltzmann’s  constant 

T  =  absolute  temperature  (usually  *K) 

R  =  resistive  impedance 
The  mean-square  open-circuit  voltage  then  is 

e*  -  4*77*  Af  (14-2) 

where  A/"  =  «*tfective  bandwidth 

*f=  TT  f  G(j",  df  (14-3) 

vvo  J 0 

Go  -  maximum  gain 
Gif)  =  gain  as  a  function  of  frequency 
The  power  spectrum  is 

S,(f)  =  kT  (14-4) 

Thus  R  is  a  white  thermal  noise  oouroe  vrith  kT  unite  of  power  per  unit  bandwidth. 
The  mean-square  noise  current  spectrum  of  a  Norton  source  can  be  written 

Si(f)  =  AkTG  (14-5) 

where  G  =  shunt  conductance.  Both  R  and  G  are  functions  of  frequency 

R  =  Re  [Z,(f)}  G  =  f?e[V,*(/-)]  (14-6) 

where  Re  means  "real  part  of  ' 

Y,-  «hunt  admittance 
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More  useful  expressions  (for  multiport  functions,  reciprocal  networks,  and  other  s  pecial 
cases)  are  given  in  Bennet;  [1]. 

14.2.2.  Shot  Noise  [4,  5).  Shot  noise  's  caused  by  the  independent  random  emission 
times  of  the  discrete  electrons.  The  number  of  elections  with  charge  emitted  in  a 
given  time  interval  a  has  a  Poisson  distribution.  The  average  noise  current  is 

~i  =  1=  en  (14-7) 

For  frequencies  small  compared  to  the  reciprocal  of  the  transit  time,  the  spectral 
density  of  the  mean-square  shot-noise  current  in  a  temperature-limited  diode  is 


Si(f)  =  ne*  =  2d 


( 14-8) 


In  a  space-charge-limited  diode  with  zero  emission  velocity,  the  Langmuir-Child’s 
equation  holds: 


j  = 


4to  ( 2e\ 1/1 
9  \m/  d1 


(14-9) 


where  j  —  current  density 
V  =  anode  voltage 
d  =  distance  from  cathode  to  anode 
Co  =  free-space  permittivity  (dielectric  constant) 
m  =  mass  of  electron 

The  Maxwell  probability  law  of  emission  velocities  is  probably  more  valid: 

UmvolkTc )  exp  (-mv0*l2kTc)  0  «  u* 


P(v 0)  = 


(0  otherwise 

where  P(v0)  -  the  probability  density  that  an  electron  will  have  a  velocity  v0 
Tc  —  cathode  temperature 

The  approximate  equivalent  of  Child’s  law,  where  Ve>  kTr,  is 


1 14-1 0) 


j  -  (4c*/9)(2e/m)l/,[(V’0  -  V„)*'*/(d  -  Xm)*]  (14-11) 

where  Va  —  potential  at  the  anode 
Vm  =  minimum  potential 

The  space-charge  limited  diode  with  distributed  electron  velocities  behaves  as  though 
its  cathode  were  at  Xm,  the  position  of  the  minimum  potential.  Then  the  spectral 
density  of  anode  current,  fluctuations  is  written 

Si(f)  »  2eiy*  (14-12) 


where  y*  =  the  spacf.-charge-smoothing  factors.  Values  for  y  are  given  by  Thompson 
[6].  Another  useful  approximation  is 

i(f)=2kTg  =  2kTtffg<  (14-13) 

where  Trfj  can  be  obtained  from  Thompson  16] 

gd  is  the  dynamic  conductance  of  the  tube 
g  is  an  effective  thermal  conductance 
A  goxl  approximation  is 


Trff  -  0.644  7, 


(14-14) 
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A  space-charge- limited  diode  can  be  treated  as  a  conductance  ga  operating  at  0.644 
times  the  cathode  temperature. 

For  the  triode,  ,  g  g44  j 


8(f)  —  2k  i 


V 


-)*« 


(14-15) 


where  =  dynamic  transconductance 


drP  -  distance  from  cathode  to  plate 
deg  =  distance  from  cathode  to  grid 
For  th  ;  pentode, 

S(f)  =  (7 .r,/7f*)e7r  +  (7„/7f)«  [f7cy8  -t  7r*S(/j] 


(14-16) 


(14-17) 


ia  =  anode  current 


it  =  second  grid  current 
ic  =  cathode  current 
8(f)  =  impulse  at  zero  frequency 
y*  —  smoothing  factor 

Additional  results  for  multigrid  and  negative  grid  tubes,  including  the  effects  of 
flicker  and  partition  noise,  are  given  in  Bennett  [l]  in  Chapter  4. 

14.2.3.  Flicker  Current  Noise.  The  mechanism  of  flicker  noise  (Ilf  noise)  has  not 
been  completely  clarified.  It  is  characterized  by  a  power  spectrum  that  varies  inversely 
with  frequency,  hence  the  name  Ilf  noise.  In  vacuum  tubes,  at  low  and  sub-audio 
frequencies,  flicker  noise  can  exceed  the  shot  noise  by  several  orders  of  magnitude. 
If  flicker  noise  is  represented  by  a  noise-current  generator,  then  the  r.oise  spectrum  is 


**  =  KP  f  Vfdf  (14-18) 

Jfl 

where  A  is  a  constant.  In  many  semiconductors,  flicker  noise  is  also  the  dominant 
source  of  noise  at  low  frequencies.  The  noise  results  from  a  fluctuation  in  current 
density  caused  by  some  modulation  mechanism,  and  can  be  divided  into  two  components. 
One  component  causes  random  changes  at  the  transistor  surface;  the  other  causes 
random  changes  in  the  leakage  path  aro,'*'d  the  transistor  junctions  (primarily  the 
reverse-biased  collector  junction). 

14.2.4.  Noise  in  Semiconductors.  The  mean  square  current  noise  spectrum  can 
be  written 

SAf)  -  ikTGif)  +  2 el  (14-19) 

The  shot  noise  of  a  junction  transistor  can  be  represented  by  noise  generators  as 
shown  in  Fig.  14-1. 


vin*  =  AkTzt 

(14-20) 

TJ  =  4kTy,(f)  —  2el, 

(14-21) 

Vin  =  -iemlr 

iim *  =  iem—aitm  ■=  ‘2ea(l-a)I,Af 

(14-22) 
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ni  ►  1 
e  zn 


F:g.  14-1.  Noise  circuit  for  transistor. 


Generation-recombination  (g-r)  noise'  [7]  is  a  bulk  property  of  semiconductor  material 
and  results  from  fluctuations  in  the  conductivity  produced  by  carrier-density  changes. 
The  variation  in  carrier-density  is  caused  by  the  random  character  of  generation, 
recombination,  and  trapping  processes.  Depending  on  the  magnitude  of  the  current 
noise,  g-r  noise  may  be  impossible  to  detect.  As  a  result,  the  semiconductor  exhibit 
current  noise  at  low  frequencies  and  thermal  noise  at  high  frequencies.  The  mag¬ 
nitude  of  g-r  noise  is  given  by 


2/*t4/~ _ 

AMI  +  (2.t/V)«] 


(14-23) 


wheir  r  =  electron-hole  lifetime 

N  =  average  total  number  of  free  electrons 
f  =  frequency  of  modulating  signal 
14.3.  Noise  Factors  Noise  Figures  [5,  8] 

14.3.1.  General  Relations.  The  available  (incremental)  power  A P„,  of  a  source 
Pa,  is  the  maximum  average  power  obtainable  (see  Fig.  14-2): 


A Pa.  -  e,r/4/?,  =  kT.bf 


(14-24) 


Fsc.  14-2.  Noise  relations  in  a  two-terminal 
pair  network. 
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Th°  <srtective  noise  temperature  T„  ir  the  available  noise  from  the  source  JV„  divided 
by  AA f: 

T„  =  N.,/kAf  (14-25) 


The  standard  noise  temperature  7\>  is  290°  K  and  the  relative  noise  temperature  t,  is 
given  by 

U  -  Te./To  (14-26) 

The  available  power  gain  Gtt  is: 


Go  =  Pao/Pa.  « 

MX  o 


HMZ,  j* 
Zi  +  Z. 


(14-27) 


The  operating  noise  factor  F0  is  the  total  available  noise  output  power  N,0  divided  by 
the  available  noise  output  power  from  the  source  alone  N o0,: 

Fo  =  Nao/Nao,  (14-28) 


The  noise  power  from  an  ideal  generator  is  kT Af. 

Other  expressions  are 

(SIN): 

*  (SIN),  o 

N„a  JV.0, 

F'=  l  +  v  m  1+rTr-Zf 

Nao$  GakTrtkf 

F.  =  1  +  —■  (F  —  1) 

A  ft 

N  aOj 

F  *  1  4-  - . . 

G,kT,Af 

where  Na 0(  =  internally  generated  noise  power 
S  =  signal  power 
For  cascaded  stages  l  ....  N 


(14-29) 

(14-30) 

(14-31) 

(14-32) 


F 


N 

A-l 

=  Ga 

I 

G, 

1 

N 

r 

-nc- 


n  s  r  ,.-i  -> 

-f.+  y  (f.-n/n 

1  »  *  2  m  - 1 


(14-33) 

(14-34) 


F. 


N 

I 


—  F  oi  + 


i[<F..-i)/n  g..] 

»  -  2  m  -  I 


(14-35) 


noise  figure  is  the  noire  factor  expressed  in  decibels, 

NF  -  lOlogio  F  (14-36) 

14.3.2.  Detector  Noise  Factor.  The  noise  produced  at  the  output  of  an  infrared 
detector  is  discussed  in  Cbaptrr  11.  The  detector’s  noise  factor,  which  is  many  times 
greater  than  thermal  noise,  ia  found  to  be 

Fo  *  akT&flkT Lf-  a  (14-37) 

where  a  is  the  excess  detector  noise. 


NOISE  FACTORS  AND  NOISE  FIGURES 


589 


Fig.  i-4-3.  Loading  reai*t«r.ce  noise  factor  network. 


14.3.3.  reading  Resistance  Noise  Factor.  In  the  network  shown  in  Fig.  14  3 
loading  resistance  Hi.  represents  all  resistance  elements  shunting  the  detector.  This 
resistance  includes  all  biasing  resistances  and  the  input  resistance  to  the  preamplifier. 
The  detexu-r  is  represented  by  a  noiseless  resistor  in  series  with  a  signal  generator 
and  a  noise  generator.  The  loading  resistance  is  represented  by  a  noiseless  resistor 
in  series  with  the  ncise  generator  alone.  The  available  power  gain  is  given  by 


i  (  *■  \*  /  4 RRl 

=  S_  =  e‘  l R  +  Rl)  /  R  +  Rl 

S,  "  e.*/4R 


(14-38) 


which  reduces  to 


G  — 


Rl 

R  +  Rl 


The  noise  factor  from  Rl  is  then 

F  N  1  |  * 
1  GkTtif  (RJR  +  Rl)  kTbf  Rl 


(14-39) 


(14-40) 


Thus,  Rl  should  be  as  large  as  practical.  However,  a  large  Rl  introduces  additional 
problems  in  the  form  of  shunting  capacitance. 

The  noise  factor  of  the  detector  in  cascade  with  loading  resistance  is  given  by 


F  D1 


(14-41) 


14.3.4.  Preamplifier  Noise  Factor.  At  low  frequencies,  vacuum  tube  noise  can 
be  represented  by  an  emf  in  series  with  the  grid  having  the  relation 

emf=  (ikTR'^n'1'  (14-42) 

where  Rrq  =  equivalent  noise  resistance  of  the  tube.  This  can  be  written  as  [9] 

-  R,  +  6//  (14-43) 

The  first  term  of  this  equation  is  the  shot  noise  R,.  For  a  triode, 

R,  =  2.5/gw  (14-44) 

whore  gm  =  transconductance  of  the  tube.  The  second  term  bl  f  of  Eq.  (14-43)  is  II  f 
noise  (flicker  noise).  For  a  good  tube  (/«  =  1  ma),  the  factor  6  is  of  the  order  of  10*; 
for  average  tubee,  b  is  about  10T;  and  for  poor  tubes  it  is  about  10*  or  10*.  The  factor  b 
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is  current-dependent  and  passes  through  a  minimum  of  about  la  =  1  ma  Vacuum 
tubes  should  therefore  be  operated  below  recommended  operating  conditions  for  low- 
noise  applications. 

In  transistors,  two  noi3e  sources  (generally  partially  correlated)  are  used  to  describe 
the  equivalent  noise  input  to  the  amplifier.  (A  more  complete  discussion  is  given  in 
Sec.  14.6.)  Figure  14-4  shows  a  preamplifier  represented  by  a  noiseless  amplifier  in 
series  with  an  equivalent  noise  resistor.  The  preamplifier  noise  factor  is  then 

F,  =  H  (14-45) 


Noiseless 

amplifier 


Preamplifier 


O 


Fig.  14-4.  Preamplifier  noise  factor  network. 


14.3.5.  Overall  Noise  Factor.  The  overall  noise  factor  (including  detector  noise 
loading  resistance  noise,  and  preamplifier  noise)  is 

_  R  _  _  (F  +  Rl\' 

F/m  =  a  +  —  +  RtqR  (14-46) 


The  overall  signal-to-noise  ratio  is 

S0  IS 
No  Foa  Ni 


(14-47) 


14.4.  High-Frequency  Compensation 

To  minimize  the  loss  in  the  available  signal-to-noise  ratio  of  the  detector,  the  re¬ 
sistance  in  parallel  with  the  detector  should  be  as  large  as  possible.  A  high  source 
impedance  requires  high-frequency  compensation  in  an  amplifier  to  correct  for  band¬ 
width  loss  due  to  capacitive  input  loading.  Figure  14-5  illustrates  the  actual  input 
circuit  at  high  frequencies  where  R  =  Thevenin  equivalent  of  the  detector  and  parallel 
resistances  and  C  =  all  capacitive  loading  at  amplifier  input. 


Fig.  14-5.  Preamplifier  input  circuit  at 
high  frequencies. 


HIGH-FREQUENCY  COMPENSATION 


591 


The  magnitude  of  the  signal  voltage  at  the  grid  of  the  preamplifier  is 

e.„=  e,l{  i  + 


(14-48) 


The  mean-square  noise  voi;  ’ge  at  the  grid  of  the  preamplifier  due  to  the  thermal  noise  of 
R  is 

^  =  4kT  l  [  +  d*  (14-49) 


If  the  amplifier  has  a  response  such  that 

G  =  God  +  u'C'R1) 

then 

e,o  =(Go)!/*e., 

and  the  noise  voltage  at  the  output  is  given  by 


„»*  =  4 kT  {*' 

Jo 


RGK 1  +  (uiRiCi)  df=  4kTRG„£if 


(14-50) 

(14-51) 


(l-i-52) 


Neglecting  the  shot  noise  of  the  first  stage,  the  signal-to-noise  ratio  at  the  output  is 


e»o/e*o  -  e.H‘\kTR\f)in 


(14-53) 


This  is  identical  to  the  signal-to-nose  ratio  obtained  at  the  input  in  the  absence  of  any 
shunt  capacitance  Therefore,  by  using  a  properly  compensated  amplifier  where 
G  =  G0(l  +  co1R1C1)  the  effect  of  input  capacitance  is  eliminated  without  affecting  the 
signal-to-noise  ratio. 

The  noise  voltage  from  Rrq  at  the  grid  of  the  preamplifier  input  tube  is  given  by 


e,r  —  (ikTRrq&f)111 


(14-54) 


The  noise  voltage  at  the  output  of  the  compensated  amplifier  is  called  peaked-channel 
noise.  It  is  found  to  be 


enrO*  =  4kTRrqGo  (1  +  w’K’C*)  df 


(14-55) 


which  becomes 


e.ro*  =  AirkTRrqGo  [A/1 4  4tt/?iC*(A/’)»/3] 


(14-56) 


where  Af  —  ft  —  f,.  Peaked-channel  noise  reduces  the  fine  detail  of  a  signal,  but  it 
can  be  tolerated  better  than  fiat-channel  or  white  noise  which,  because  o»  its  broad 
spectral  structure,  could  completely  distort  the  signal, 

In  many  instances,  the  shot  noise  can  be  neglected.  If  the  upper  limit  of  the  input 
circuit  of  a  dc  system  is  gi  ven  by 


ft  =  1/2t tRC 

and  the  amount  of  compensation  is  designated  as 

m  =  ftlft  =  A /■//■, 


(14-57) 


(14-58) 


e„,-<G o)1'*  (4kTR",bf)'i*  (1  +  m*/3)l,s 


(14-59) 


The  total  ouput  noise  due  to  thermal  noise  R  and  the  shot  noise  of  the  input  tube  is  given 

by  _  _ 

em  =  ( e,0*  +  eRro,),/*  (14-60) 
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wftich  is  the  same  as 


,,  «  (4 kTbfG9yi*  [Rti{  1  +  mV 3)  +  !?]*'*  (14-61) 

This  is  s!  own  in  the  following  example  where 

f?,,  =  1  k*l  (triode) 

R  =  200  kO 
C  =  4  pf 
U  =  50C  kc 

This  produces  the  relationships 


A  =  0  (14-62) 

fi  =  (2ir/tC)-‘  ==  0(2  X  10‘)(4  X  10  **)]-*  =  200  kc  04-63) 

m  =  f,lft  =  500/200  =  2.5  (14-64) 

R"  (1  +  mV 3)  =  1000  [1  +  (2.5)*/3J  =  3080  (14-65) 

Comparing  this  value  with  the  value  <f  R  produces 

R  >>  f?.t  (1  +  mV3)  (14-66) 

T tic  shot  noise  can  therefore  h"  neglected.  The  noise  voltage  then  reduces  to 

e.r.  =  (4kTRAfGo)ut  (14-67) 

which  is  what  is  obtained  when  shot  noise  is  neglected. 

14.5.  Vacuum  hbe  Amplifiers 


Low  -noise  vacuum  tubes  are  useful  nc  preamplifier  stages  for  hig»  -impedance  infrared 
detectors  because  they  provide  relatively  high  gain  and  wide  ban. ’widths  with  high 
innut  impedances.  Vacuum  tube  amplifiers  have  good  dynamic  rang,  and  age  charac¬ 
teristics.  Their  disadvantages  are  rricrophonics,  high  power  requ.  aments .  and, 
before  the  development  of  the  Nu  viator  and  ceramic  tubes,  their  relative  y  large  size. 
Microphonics  can  be  greatly  minimized  by  using  low-microphonic  tubes  anJ  judicious 
mounting  techniques.  The  power  requirements,  however,  are  still  much  greater  than 
those  of  the  semiconductors. 

The  preamplifier  must  be  mounted  near  the  detector;  the  number  ol  stages  used 
depends  upon  the  gain  required  the  bandwidth,  and  the  apace  available  Since  most 
detectors  are  bigh-impedance  sources,  they  set  as  constant-current  devices  whose 
signal-voltag'  output  is  n  function  of  the  loading  resistanr  j.  This  resistance  should 
be  high  ei>oui*h  thaw  the  thermal  noise  generated  by  the  J  jading  resistance  does  not 
limit  the  signal- -noise  ratio  avulable  frem  the  detector.  In  order  to  prevent  a  Joss 
in  high-freqi*.  acy  response,  input  capacitance  effects  must  be  compensated  for. 

The  design  of  several  preamplifiers  used  with  various  detectors  is  discussed  in  the 
following  paragraphs.  They  illustrate  practical  solutions  to  specific  proolems  and 
do  not  necessarily  represent  the  best  amplifier  circuits  available. 

14.5.1.  Selection  of  Vacuum  Tube*.  The  major  considerations  in  the  selection 
of  vacuum  tu  oes  for  preamplifiers  are  low  noise,  low  microphonic  response,  and  available 
space.  The  shot  noise  of  a  triode  is  reoresented  by  the  equivalent  noise  resistance 
giv  n  »n  Eq.  (14-44).  In  the  pentode,  the  shot  noise  can  be  represented  by 
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R.= 


lb  + 


p  +  ?oin\ 

If  1  '8m  8m  / 
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(14-68) 


where  h  —  average  plate  current 
lg  —  average  screen  current 

Since  the  shot  noise  of  a  pentode  is  considerably  higher  than  that  of  a  triode,  triodea 
"hould  be  used  in  preampiifiere.  The  calculated  equivalent  noise  resistances  of  various 
tubes  are  given  in  Table  14-1.  Vacut  -n  tubes  used  for  low-noise,  low-microphonic 
preamplifiers  are: 

6112  dual  triode 
CK663SWA  single  triode 
CK8096  single  triode 
12AY7  dual  triode 


Table  14-1.  Equivalent  Noise  Resist ancss  of  V  arious  Tubes 


Tube  Type 

8m 

Rrq 

6AK5  (triode  connected) 

6,670 

375 

6F4  triode 

5,800 

430 

417A  triode 

24,000 

90 

6J4  triode 

12,000 

210 

6AK5  pentode 

5,000 

1,880 

6AG5  pentode 

5,000 

1,840 

436A  pentode 

28,000 

210 

6112  triode 

2,500 

1.000 

CK8096  triode 

1,750 

1,400 

6CW4  triode 

12,500 

200 

14.5.2.  Input  Impedance.  High  input  impedance  in  vacuum  tube  amplifiers  can  be 
obtained  in  two  wayti.  The  first  is  to  utilize  ?  large  grid  resistor.  Values  up  to  10  Mil 
can  be  used,  while  values  limited  to  1  Mil  or  less  are  not  uncommon.  The  second  is 
the  use  of  negative  feedback.  This  method  increases  the  input  impedance,  stabilizes 
amplifier  gain,  and  improves  the  low-frequency  response.  In  addition,  the  u®c  of  nega¬ 
tive  feedback  does  not  affect  the  signal-tc-noiae  ratio  at  the  output  of  the  amplifier  [10]. 

The  use  of  negative  feedback  in  an  amplifier  is  shown  in  Fig.  14-6.  The  closed-loop 
gain  is  given  by 


K  = 


A 

1  +  A/3 


(14-69) 


where  A  =  open-loop  gain  of  the  amplifier. 


Fig.  14-6.  Negative  feedback  in  amplifier! 
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/3  —  R/tlRf,  {otR/>>Rk  (14-70) 

The  input  impedance  is  given  oy 

R>,  =  rg  (AIK)  (14-71) 

The  input  impedance  is  determined  by  the  largest  grid  nisistor  that  can  be  used  mid 
the  open  loop  gain  available.  A  loop  gain  Afi  of  4  or  greater  is  required  to  prov  ,de 
adequate  gain  stabilization  and  a  useful  increase  in  input  resistance.  Figure  a4-7 
shows  a  single  dual  triode  used  as  a  low-noise  preamplifier  and  having  a  bandwidth 
of  1  to  1000  cpe.  The  amplifier  constants  are 

A  =  1500 
Rt  --=  2  Mfl 
Rf  =  300  kfl 
Rk=  390  n 
K  =  200 
R,'=  10  Mfl 


Figure  14-8  shews  the  effect  of  feedback  on  the  signal -to- noise  ratio.  A  noise  voltage 
e<  is  ipjected  between  gain  stages  of  the  amplifier.  Reflecting  this  voltage  back  to  the 
signal  source  as  an  equivalent  noise  voltage  e'j  gives 

e'j  =  €jlU\  (14-72) 


The  signai-to- noise  ratio  at  the  output  of  the  amplifier  without  feed! 
is  then 

e.t  G  e, 

—  _ - =  Gt  — 


'h  (switch  S  open) 


e.t  GtGte’j 


(14-?3) 
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Fig.  14-8.  Efiect  of  feedback  on  noise. 


The  signal-to-noise  ratio  at  the  output  of  the  amplifier  with  feedback  (switch  S  closed) 
is  given  by 

e'.o  =  Ae,/(1  -A/3)  _  G^e, 
e',0  Aejl(l-Ap)  ej 

Therefore,  the  signal-to-noise  ratio  is  independent  of  the  loop  gain  A,  regardless  of 
the  noise  source. 

14.5.3.  High-Frequency  Response.  Wide  bandwidths  and  low  detector  resistances 
are  essential  in  infrared  systems.  A  low-noise,  low  out-capacitance  amplifier  is 
required  in  order  to  obtain  optimum  performance  from  the  newer  detectors.  Triode 
amplifiers  are  seriously  limited  by  the  Miller  effect  which  increases  the  input  capaci¬ 
tance  by  the  gain  of  the  stage.  Pentodes  have  low  input  capacitance,  but  the  screen- 
plate  partition  noise  adds  to  the  problem.  The  cascode  amplifier  (see  Fig.  1 4-9)  provides 
the  low  noise  characteristic  of  a  triode  ccmbir  od  with  the  gain  and  stability  of  a  pentode. 
It  consists  of  a  grounded -cathode  amplifier  with  tne  input  impedance  of  a  grounded - 
g'id  stage  acting  «ss  the  plate  load.  The  gain  of  the  grounded-cathode  first  stage  is 
giver  oy  [111. 


Fig.  14-9.  Cascode  amplifier. 
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where 


f*.|Zp|riZ|i/(  Zpk  I  +  Zjt) 
rp i  +  Zpjci  Zii/(Zd  +  Zpk i) 


Z 12  =- 


r'pi  +  Zt 
H'i+  1 


r  pt=~ 


rP  t 


1  joiCpi fjT p2 


m'?  = 


fj-t 

1  +  j (l)C pkl  r'pl 


The  gain  of  the  grounded-grid  second  stage  is  given  by 


The  overall  gain  is 


„  (m'i+1  )Z, 

TZI 


G  =  GiGi 


(14-75) 

(14-76) 

(14-77) 

(14-78) 

(14-79) 

(14-80) 


At  low  frequencies,  where  ZL  —  Rl  and  the  interelectrode  impedances  can  be  neglected, 
the  gain  becomes 


r  -  ~ 

+  1)  +  rp  i  +  Rl 

Furthermore,  if  rp:< /t2  +  1)  »  rpl  -)•  RL,  then  the  gain  reduces  to 


(14-81) 


G  *  ~gm,Ri. 


(14-82) 


The  cascode  amplifier  therefore  has  the  gain  of  a  pentode. 

The  gain  of  the  first  stage  is  low  as  a  result  of  the  low  effective  plate  load.  Therefore, 
the  effective  input  capacitance  is  also  low.  Two  problems  associated  with  the  use  of 
this  circuit  are  (1)  the  need  to  provide  a  fixed  bias  for  the  grid  of  the  grounded-grid 
stage,  and  (2)  the  need  for  a  high-p'ate-voltage  source  to  supply  the  series-connected 
tubes.  The  noise  properties  of  this  amplifier  are  discussed  m  [12]. 

14.5.4,  Very-High-Imped ance  Amplifier.  The  very-high-impedance  amplifier  shown 
in  Fig.  14-10  uses  a  cascode  amplifier  with  feedback  to  the  input  grid  to  further  re¬ 
duce  the  effect  of  input  capacitance.  It  is  used  as  a  summing  or  operational  amplifier 


Detector 

BUs 


Fig.  14-10.  Very-high-impedance  amplifier. 


JCHWlWiibcii’  i  'waWlu 
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R , 

l 


Fig.  14-11.  Summing  amplifier 


in  analog  computers.  The  equations  for  ite  tranaier  function  are  developed  on  the  basis 
of  the  circuit  for  the  summing  amplifier  shown  in  Fig.  14-11.  The  nodal  equation  for 
the  input  grid  is 

[U’oM)-e,]  ft,-'  +  [(eo M)-e,]  ft, -*  [< eJA-e0 ]  ft*'1  =  0  (14-83) 

By  simplifying  and  rearranging  terms,  where  the  feedback  coefficient  is  given  by 

0=  [1  +  (ft,/ft,)  (Ro/Rt)]-'  (14-84) 

and  where  A/?  is  very  large,  R ,  *snd  Ri  >>  ft0,  and  e%  is  a  ground  potential,  one  obtains 

<?«/*,  = -ft„/ft.  (14-85) 

Thus,  when  the  amplifier  loop  gain  is  very  high,  the  output  is  independent  of  the  actual 
gain  and  is  a  gunction  only  of  the  ratio  of  ft  0  to  ft. 

The  input  impedance  of  a  summing  .  tsplifier  is  given  by 

ft,„  =  fto/A  (14-86) 

As  a  result,  the  effects  of  input  capacitance  are  substantially  reduced.  However,  the 
reduction  in  input  impedance  results  in  a  stage  gain  of  approximately  unity  (if  ft*  = 
ft,).  Therefore,  additional  stages  of  low-noise  amplification  are  needed  to  provide  the 
required  gain.  (See  Fig.  14-10  where  the  first  amplifier  stage  is  followed  by  a  low-noise 
amplifier  similar  to  the  one  shewn  in  Fig.  1-4-7.) 

14.5.5.  Power  Supply  Consideration!.  Because  of  the  very  low  level  signals 
amplified  by  preamplifiers,  the  noise  level  introduced  through  the  newer  supplies  should 
be  much  less  than  the  noise  introduced  at  the  input.  In  most  preamplifiers,  the  noise 
or  ripple  voltage  on  the  B4-  supply  should  be  less  than  200  pv.  For  the  filament  supply, 
500  (iv  is  the  maximum. 

14.6.  Transistor  Amplifiers 

14.6.1.  Noise  vs.  Frequency.  The  power  spectrum  of  transistor  noise  vs.  frequency 
is  given  in  Fig.  14-12.  For  typical  planar  transistors  the  break  point  /i  occurs  between 
100  and  1000  cps.  Above  fu  shot  noise,  which  has  a  flat  power  spectrum,  predominates. 
Below  fi,  the  noise  figure  varies  inversely  with  frequency,  with  a  slope  of  approximately 
3  db  per  octave.  This  region,  termed  the  Ilf  region,  ir  dominated  by  surface  and  leakage 
noise. 


FREQUENCY  (to*  sciie) 

Fig.  14-12.  Transistor  noise  is  frequency  power  spectrum. 
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At  a  frequency  ft  the  noist  figure  begins  to  increase  with  a  slope  of  6  db  per  octave. 
This  increase  is  caused  by  a  decrease  in  power  gain  rathor  than  an  increase  in  internal 
noise.  The  frequency  ft  is  given  by 

ft  -  U.  <1  -  a,)1'1  (14-87) 

where  fat  =  common  base  cutoff  frequency 
a0  -  current  gain 

14.6.2.  Noise  va.  Source  Impedance  and  Bias  Point  Figure  14-13  shows  the 
broadband  noise  figure  of  a  low-noise  amplifier  having  a  half-power  pasaband  of  10  to 
10,000  cps.  The  noise  figure  is  given  as  a  function  of  source  impedance  for  three 
different  values  of  emitter  currer.t.  Figure  14-13  shows  that  the  optimum  source 
impedance  increases  as  the  emitter  current  is  decreased. 


0.1  1.0  10.0  100.0 

R  ,  GENERATOR  RESISTANCE  (kfl) 
g 

Fio.  14-13.  Broadband  noiae  figure  v*.  source  impedance. 


14.6.3.  Transistor  Bias  Stabilization. 

14.6.3.1.  B  ias  Stabilization  and  Dynamic  R”nge  Since  the  noise  figure  is  a  function 
of  collector  current,  transistors  must  be  biased  for  low-noise  operation  (generally 
between  10  p a  and  200  pa).  As  the  source  impedance  increases,  the  optimum  collector 
current  usually  decreases.  The  use  of  the  low-noise  region  is  limited  by  the  problems 
of  maintaining  bias  stabilization  through  fluctuations  in  ambient  temperature  and 
changing  equipment  parameters.  However,  the  biasing  problem  is  greatly  reduced 
by  using  low-nciae  silicon  planar  transistors  which  have  low  collector  leakage  currents 
and  high  current  gains. 

A  transistor  stage  cannot  accept  any  signal  large  enough  to  cause  the  collector  to 
swing  into  saturation  or  cutoff.  Drift  in  the  dc  collector-toemitter  voltage  of  a  properly 
designed  stage  lowers  this  acceptable  signal  level ,  thereby  lowering  the  dynamic  range 
of  the  preamplifier  Thus,  dynamic  range  is  nxuced  if  bias  stability  is  reduced. 

14.6.3.2.  Bias  Stabilization  Relating  to  Low-Noise  Designs.  Transistor  stability 
s  the  ratio  of  the  incremental  change  in  the  total  collector  current,  h ,  to  an  incremental 
change  in  the  collector  leakage  current,  /<■«,  and  is  given  by 


(14-88) 


f 


j 

t 

| 

| 
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If  fi«  is  the  equivalent  dc  reswi  ince  in  the  base  circuit  and  fi®  the  equivalent  dc  re- 
sistance  in  the  emitter  circuit,  then  the  stability  is  approximately 


S  •=■ 


fig  +  Ri 


fig(l  +  h/t }  +  Rg 
For  values  of  hf„  almost  equal  to  —1,  the  expression  reduces  to 

c  fig  +  fig 

s  ST- 


(14-89) 


114-90) 


In  high-impedance  RC- coupled  amplifiers,  Ra  is  large  in  order  to  maintain  a  high  input 
impedance.  If  >>  fig,  the  "lability  approaches  the  forward  current  gain  of  the 
transistor  (hm).  In  order  to  improve  the  stability,  the  emitter  resistance  fig  must  be 
increased.  However,  as  fig  is  increased,  the  allowable  collector  swing  is  decreased 
Therefore,  each  design  involves  compromises  between  opposing  factors. 

Before  the  development  of  planar  transistors,  an  Ir0  of  less  than  20  na  (nanoampered 
at  25°  C  was  rare  in  high-frequency  transistors.  The  Ic o  would  double  for  approxi¬ 
mately  every  10° C  increase,  so  that  at  85° C,  /<■#  =  1.2  ^ta.  With  a  typical  stability  oi  t», 
the  change  in  /<■  would  have  been  5.5  fi&,  making  operation  at  a  nominal  collector 
current  of  10  fia.  (a  good  low-noise  point)  impossible. 

The  typical  collector  leakage  current  of  a  good  low-noise  planar  transistor  is  less  than 
1  na  at  25°  C,  and  doubles  with  approximately  every  14°C  inert  use.  At  85° C,  with 
Irt  less  than  52  na,  and  with  a  bias  stability  of  5,  the  change  in  lc  caused  by  the  change 
in  ha  would  be  less  than  0.25  pi  a.  In  this  case,  operation  at  a  nominal  collector  current 
of  10  pia  would  be  feasible. 

In  Eq.  (14-89),  if  fig  is  1  Mfl  and  3  =  5,  then  fig  must  be  of  the  order  of  250  kQ  (assum¬ 
ing  hF B  close  to  unity).  The  power  supply  voltage  dropped  across  fi*  is  then  10  pta 
times  250  kQ,  or  2.5  volts.  If  a  stability  of  3  is  desired,  fig  must  increase  to  approxi¬ 
mately  500  kfl,  causing  a  5-volt  drop  across  fig.  With  this  large  a  drop,  6-volt  battery 
operation  would  not  be  feasible. 

14.6,4.  Characterization  of  Translator  Noise.  Although  shot  and  thermal  noise 
are  predictable  from  noise  theory  with  a  high  degree  of  accuracy,  Ilf  noise  is  not. 
Noise  figure  expressions  should  therefore  be  determined  by  experimental  means.  The 
noise  specified  is  sometimes  measured  at  a  center  frequency  of  1000  cps,  with  an  effective 
noise  bandwidth  of  I  cps.  For  most  infrared  preamplifier  applications,  where  perform¬ 
ance  below  2000  cps  is  important,  such  a  specification  is  useless.  Much  more  important 
is  the  broadband  noise  figure,  which  can  be  considered  a  noise  figure  averaged  over 
the  passband  of  the  amplifier. 

The  variation  of  the  noise  fiffure  with  source  impedance  is  also  important  In  Fig. 
14-14,  an  ideal  noicelees  amplifier,  with  equivalent  noise  current  and  noise  voltage 
sources  connected  to  the  input,  is  substituted  for  a  noisy  amplifier.  The  equivalent 
rrns  input  noise  voltage  en  is  found  by  measuring  the  output  noise  voltage  with  the 


Fio.  14-1  Tvcngigtcw  equivalent  noiae  generator 
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input  shorted,  then  dividing  by  the  amplifier  voltage  gai  The  equivalent  -m'  input 
noise  current  t„  is  found  by  measuring  the  output  noise  voltage  wi  th  the  nput  open, 
then  dividing  by  amplifier  voltage  gain  and  input  impedance.  Sino  e,  and  t„  are 
randomly  fluctuating  quantities,  the  degree  of  correlation  between  them  must  be  known 
before  the  total  power  resulting  from  their  combined  effect  can  be  computed.  The 
degree  of  correlation  is  represented  by  a  correlation  coefficient,  y. 

The  noise  factor  is  113] 

F  =  1  +  (4kTB)-'  [ (e,*IRg)  +  +  2y e.u]  (14-91) 

The  correlation  coefficient  can  range  between  0  and  1.  Neglecting  the  1  If  region, 
y  —  (hrt)'11*  for  low  emitter  currents.  Thus,  for  large  values  of  current  gain,  y  can  be 
quite  small.  In  the  Ilf  region,  the  correlation  coefficient  increases  slightly. 

If  Eq.  (14-91)  is  differentiated  with  respect  to  Ra  and  set  equal  to  zero,  the  optimum 
value  of  Ra  is  found  to  be 

-  ejin  (14-92) 

Substituting  R,pt  in  Eq.  (14-91),  the  minimum  noise  factor  can  be  found  to  be 

Fmin  *  1  +  (1  +  y)  e,iJ2kTB  (14-93) 


The  values  e„  and  iH  are  functions  of  h.  Therefore,  F  is  valid  only  at  the  bias  condition 
at  which  eH  and  i„  are  meas’ired.  These  two  noise  generators  are  fairly  independent 
of  collector  voltage  for  voltages  below  6  to  10  volts. 


Assuming  the  noise  sources  are  uncorrelated 

(y  =•  0), 

Fm  in 

=  1  +  Cnin 

J2kTB 

(14-94) 

By  combining  equations,  F  can  be  expressed  in 

terms  Fmin  and  Rop,  as 

F  — 

1  +  {Fmin 

-  1)  K 

(l*-95) 

where 

1[«,  . 

Rop?, 

K  = 

'  2 

~R.\ 

(14-96) 

The  value  of  K  may  be  found  in  Fig.  14-15.  As  an  example,  assume  the  following 
conditions: 

minimum  noise  figure  =  1  5  db  ( Fmin  =  1.4) 

Rop,  —  15  kfl 
R,=  120  kfl 


NJBK  FIGURE  (db) 
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Since  RgIR0flt  =  8,  k  is  four  d  from  Fig.  14-15  to  be  4.  Therefore,  t’  e  noise  factor  is 

F  =  l  +  (1.4  —  1)(4)  =  2.6  (14-97) 

and  the  noise  figure  NF  is 

NF  ~  10  logio  2.6  =  4.1  db  (14-98) 

Minimum  noise  figure  and  optimum  generator  resistance  depend  upon  the  frequency 
band  to  be  utilized.  Tabie  14-2  lists  data  for  a  typical  2N2178  low-noise  silicon  alloy 
transistor.  Figure  14-16  shows  the  noise  figure  of  the  2N2176  transistor  as  a  function 
of  source  resistance  for  the  thre 1  amplifier  types.  Figure  14-17  illustrates  e„  and  t* 
as  functions  of  emitter  current  [14]. 


Table  14-2.  2N2176  Low-Noise  Silicon  Alloy  Transistor  Data 


Amplifier 

Passband 

B 

e« 

in 

R  opt 

FmiS 

NFmi„ 

0.8  -  50  epe 

80  epe 

0.16  pv 

40  ppa 

4k 

3.0 

4.7 f  db 

fo  =  1  kc 

100  r.pe 

0.056  py 

4.8  ppa 

12k 

1.68 

2  25  db 

0.8  -  10  kc 

15  kc 

0.7  pw 

i  iO  ppa 

7k 

2.17 

3.3  db 

Ic  =  20  pa 

V„  =  -1.5  v 

'Assuming  noise  generators  have  been  fully  correlated  (>—=!'>  for  worst-case  analysis. 


io  n  ioo  n  l  an  io  kn  ioo  u.  l  mq 

SOURCE  RESISTANCE 

Fig.  14-16.  2N2176  transistor  noise  figure  us  source  resistance. 
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Fig.  14-17.  2N2176  transistor  emitter  current  vs.  equivalent  input  noise  voltage  and  current. 


14.6.5.  Relationship  of  Minimum  Noise  Factor  to  Transistor  Parameters.  The 
minimum  noise  factor  Fmt»  can  be  related  to  transistor  parameters  in  the  following 
manner.  In  the  white  noise  region,  it  can  be  shown  [15]  that 


and 


«  4kTB(rfl2  +  r'b) 

(14-99) 

7?  ~  2 eUelk,s)B 

(14-100) 

where  r,  —  ac  emitter  resistance 

r\  —  base  spreading  resistance 

Since  r,  =  kTtqh  and  Is  **  /<-,  substitution  into  Eq.  (14-94)  yields 


1  +  ( 2elkT)IcrsV '* 

hfs 


(14-101) 


Therefore,  as  hFs  decreases  or  /<•  increases,  the  noise  increases. 

14.6.6.  Circuit  Considerations.  In  infrared  systems  having  a  high  signal-to-noise 
ratio,  preamplifier  noise  factors  of  10  to  20  db  are  acceptable,  and  preamplifier  design 
is  straightforward.  However,  in  systems  with  low  signal-to-noise  ratios,  a  low-noise 
preamplifier  is  mandatory. 

Minimum  noise  factor  and  optimum  source  impedance  remain  the  same  for  the 
common  emitter,  common  collector,  or  common  base  configurations.  The  common 
collector  is  often  used  in  high-impedance  designs  because  of  its  high  input  impedance. 
H  rwever,  the  common  emitter  is  most  desirable  because  of  its  greater  available  power 
gain  High  power  gain  in  the  first  stage  is  essential  if  noise  from  successive  stages 
is  to  be  minimized.  The  lollowing  factors  should  be  considered  in  low-noise  designs: 
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(1) A  transistor  specifically  designed  for  low-noise  and  low-leakage  current  should  be 
used. 

(2)  Because  Ilf  semiconductor  noise  is  a  major  contributor  to  overall  noise,  the  am¬ 
plifier’s  low  frequency  half-power  point  should  be  no  lower  than  required  by  system 
considerations. 

(3)  The  noise  figure  depends  largely  on  emitter  current  (essentially  collector  current) 
and  source  impedance.  In  general,  bias  current  for  optimum  operation  occurs  between 
10  and  300  p a.  However,  plotting  noise  figure  vs  source  impedance  for  a  specific  value 
of  emitter  current  results  in  a  rather  broad  minimum.  Table  14-3  indicates  the  noise 
figure  minima  for  modem  low-noise  planar  transistors.  For  a  source  impedance  far 
below  500  ohms,  the  best  minimum  noise  figure  is  obtained  by  using  a  step-up  trans¬ 
former  at  the  input  stage.  This  method  also  provides  additional  voltage  gain.  Very 
low  collector  current  is  required  if  the  minimum  noise  figure  is  obtained  using  a  source 
impedance  in  the  megohm  region.  Bias  stabilization  becomes  difficult,  so  the  transistor 
must  have  low  collector  leakage  current  if  operation  ever  a  wide  temperature  range  is 
required. 


Table  14-3.  Noise  Figure  Minima 
for  Planar  Transistors 


Rg 

la 

(ohm) 

(pa) 

0.5 -3k 

300 

1.5  — 8k 

100 

3k- 15k 

30 

8k -40k 

10 

15k -200k 

3 

100k -2m 

1 

(4)  The  fact  that,  the  a  cutoff  frequency  of  a  transistor  decreases  with  emitter  current 
should  also  be  considered.  The  narrowband  noise  figure  starts  rising  at  f=  fa,  (l—a0)llt. 
Therefore,  it  is  important  to  use  a  transistor  with  a  cutoff  frequency  much  higher  than 
the  frequency  desired.  At  low  emitter  (or  collector)  current,  requirements  for  low-noise 
figure  and  the  desired  frequency  response  can  necessitate  the  use  of  a  higher  bias  current 
value.  As  an  example,  Table  14-4  lists  data  for  the  2N2645  low-noise,  high-gain, 
planar  transistor  having  a  10-volt  collector-to-base  voltage.  From  the  relationship 
1  — oto  -  1  Ihre,  the  noise  figure  is  found  to  rise  at  13.5  kc  for  Ic  —  1  pa;  at  95  kc  for  /<■  = 
10  md  at  5Gv,  kc  for  Ic  -  100  pa.  Therefore,  in  the  design  of  a  50-kc  low-noise  am¬ 
plifier,  the  first  stage  would  not  be  operated  st  a  bias  current  of  1  pa. 


Table  14-4. 

Data  for  2N2645 

Planar  Transistor 

Ic 

1  pa 

10  pa  10C 

h>£:  35 

55  80 

fat.  80  kc 

700  kc  5  ; 

100  pa 
80 

5  Me 


( 
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(5)  The  bias  point  should  be  stabilized  against  temperature  variations  (Sec.  14.6.3). 
A  stability  factor  S  of  6  or  less  is  usu'j'ly  necessary. 

(6)  The  optimum  noise  figure  of  the  transistor  is  always  increased  by  the  effect 
of  the  base  divider  network  and  any  unbypassed  emitter  resistance.  This  effect  is 
negligible  if  the  following  conditions  are  satisfied: 

Rb  *  10  Rt  Rb  0.1  Rt  (14-102) 

where  Rg  =  the  external  unfeypassed  emitter  resistance.  The  minimum  noise  figure 
and  the  optimum  source  impedance  of  i  transistor  are  essentially  independent  of  any 
applied  feedback.  They  are  affected  only  by  the  circuit  components  wliich  must  be 
added  to  apply  the  feedback  (such  as  an  unbypassed  emitter  resistor)  and  their  presence 
can  only  increase  the  noise  figure.  The  effect  of  associated  circuitry  on  noise  perform¬ 
ance  is  discusued  in  [16]. 

(7)  Care  should  be  taken  when  using  Zener  diodes  in  dc  coupling  and  low-level 
biasing.  Zener  diodes  generate  large  amounts  of  noise  which  can  be  reduced  by  by¬ 
passing  the  diode  with  a  large  capacitor,  however,  the  Zener  diode  is  not  recommended 
for  use  in  a  low-noise-input  stage  which  must  respond  to  low  frequencies. 

14.6.7.  Transformer  Coupling.  In  many  cases  of  preamplifier  design,  transformers 
provide  an  excellent  solution  to  coupling  problems  presented  by  low-  and  high-im- 
pedance  sources.  For  low-impedance  sources,  a  step-up  transformer  can  reduce 
amplifier  stages  and  complexity.  For  high-impedance  sources,  a  step-down  transformer 
c.s  bo  useful,  provided  the  ratio  between  required  high*  and  low-frequency  response 
is  no  more  than  a  few  decades.  Broadband  transformer  debign  becomes  increasingly 
difficult  at  higher  impedance  levels.  The  lower  tne  frequency  to  be  passed,  the  larger 
the  transformer  must  become  to  provide  (a)  the  required  nu  gnetizing  inductance,  and 
(b)  the  necessary  dynamic  range.  Enough  iron  must  be  used  to  maintain  Bmal  well 
below  saturation  level  for  the  largest  input  signal.  The  limiting  factor  is  usually 
the  magnetizing  inductance  required. 


R 

8 


Fio.  14-18.  Low-frequency  equivalent  circu;i 
of  a  transformer. 


The  low-frequency  equivalent  circuit  of  a  transformer  is  shown  in  Fig.  14-16.  It 
is  assumed  that 

r,  <  Rc  r,  <  Rl 

and  the  low-frequency  3-db  point  is  given  by 

,  nPRiRc 


2*  LgiRc  4-  «sJ?i) 


(14-103) 


I 
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Assuming  that  a  close- to-optimurr  noise  figure  can  be  obtained  by  impedance  matching 
a  1-MO  detector  to  a  preamplifier  hav  ng  a  10  kO  input  impedance,  and  that  a  one- 
cycle  low-frequency  response  is  desired,  then 

n*Rt.  =  i>r,  -  1  MH 


f\  =  1  cpe 

Solving  for  the  required  primary  inductance 


Lp  = 


10*  x  10* 
2tt(1K2  x  10«) 


=  8000  hy 


(14-104; 


Such  a  value  is  unreasonable.  However,  tor  a  1000-cpe  response,  a  realistic  8  henries 
is  required. 

Transformers  usually  have  appreciable  stray  capacitance  because  of  the  great  number 
of  windings  over  a  small  area.  This  limits  the  high-frequency  response.  Input 
transformers  must  operate  at  very  low  power  levels;  consequently,  they  should  be 
enclosed  in  a  magentic  shield,  especially  if  the  preamplifier  is  b  ated  close  to  a  chopper 
motor  or  power  transformer.  The  transformer  should  also  contain  an  electrostatic 
(Faraday)  shield  between  primary  and  secondary  windings  to  minimize  stray  capaci¬ 
tance  coupling  between  windingE.  The  inclusion  of  such  a  shield,  however,  increases 
the  transformer  shunt  capacitance,  which,  again,  lowers  the  high-frequency  response. 
Transfon  vi.r  windings  should  be  mechanically  rigid  to  prevent  microphonics  caused 
by  minute  capacitance  changes.  Careful  encapsulation  will  generally  reduce  trans¬ 
former  microphonics  to  a  negligible  level. 


14.6.8.  Simple  Low-Noise  Preamplifier  Design  [17].  The  amplifier  shown  ir. 
Fig.  14-19  has  a  voltage  gain  of  approximately  20  db  with  a  fiat  response  from  10  cpe 
to  50  kc.  By  referring  to  Table  14-3,  it  can  be  seen  that  for  R,  -■  300  kO,  and  a  bias 
current  of  about  1  /xa,  a  low-noise  figure  is  obtained.  The  collector  current  of  the 
input  transistor  is  1.5  fia.  The  common  emitter  stage  is  biased  for  optimum  noise 
performance  and  provider  good  power  gain,  The  input  impedance  is  1.2  MO  up  to 


Input  lmpx4sr  c« 


Fro.  14-19.  High-impedance  wideband  amplifier  with  2N2484  transistor*. 
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4  kc,  and  the  narrowband  noiae  figure  is  1.6  db  ft  1  kc.  The  stability  factor  is  ap¬ 
proximately  1.5  and  is  given  by 

S  -  1  +  RbIHf.  (14-105) 


where  Rb~  3.75  Mfi 
Re  =  7.5  MO 

The  characteristics  >f  typical  low-noise  transistors  are  listed  in  Table  14-5. 


Tabus  14-5.  Characteristics  of  Typical  Low-Noise  Transistors 


Type 

Wideband’ 
Nome  Figure 
NF 

Collector  Leakage 
Current 

Iran 

dc  Current 

Ga  n.  hf  t 

Additional  Data 

2N2484 

1.8  db  typ 

3  db  m ex 

10  na  max 
at  Vc,  “  45v 

30  min  at  l,  =  1  pa 

100  min  at  /<■  —  10  pa 

200  min  at  1,  —  500  pa 

h/r  -i  15  min  at 

F  “  1  me,  fo’  le  “  50  pa 

2N2845 

3.6  db  max 

0.4  na  typ 

10  na  max 
at  V<  *  —  60v 

2C  min  at  l,  »*  10  pa 

60  min  at  1,  =*  100  pa 

h/r  =  2.5  min  at  F  =  20  me, 
for  lr  =  10  mu 
f*  —  0.7  me  (typical) 
for  1  =  10  pa 

2NJ30 

<i  db  max 

2  na  max 

100  min  at  1,  =*  10  pa 

160  min  at  /<•  -  500  pa 

h/r  -  1  min  at  F  ■»  30  me, 
for  lr  =  500  pa 

2NK5S6 

1.5  db  tvpt 

2  na  max 

at  V"r»  —  46v 

80  min  at  !,  —  1  /ia 

120  mill  at  i,  —  10  pa 

150  min  at  L  =  500  pa 

h/r  •  1.5  inin  at  F  -  30  me, 
for  lc  =  500  pa 

2N2S24 

2  db  typ 

3  db  max 

2  na  max 

1  na  typ 
at  Vci  “  4f1v 

60  min  at  L  —  1  na 

100  min  a*.  I-  »■  10  pa 

150  min  at  lc  ■  500  pa 

hi,**  1.5  min  it  F  =  30  me, 
for  1,  =  >00  pa 

•Power  bandwidth  of  15.7  kc,  3-db  point*  at  10  cpn  and  10  kc,  V<  *  —  5  v,  /,  —  10  pa,  R,  =  10  k. 
t  Narrow  band  data  indicate  the  same  NF  ia  obtained  for  I,  -  ’  na,  R,  ~  1  Meg. 


14.7.  Field-Effect  Transistors 

14.7.1.  Noise  Figure.  Although  good  noise  figures  can  be  obtained  by  using  con¬ 
ventional  pianar  transistors  with  source  impedances  up  to  1  Mfl,  at  nigher  impedances 
better  results  can  be  obtained  with  the  field-effect  transistor  (FET).  In  controlled 
FETs,  the  Ilf  comer  frequency  is  less  than  100  cpa,  almost,  an  order  of  magnitude 
lower  than  most  conventional  transhtors.  Figure  14-20  shows  the  noise  figure  of 


Fig.  14-20.  Field  effect  transistor  noise  figure 
vs.  frequency  [18], 
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several  FET  s  as  a  function  of  frequency  [18].  The  FET  provides  lower  noise  figures 
in  the  low-frequency  region,  and  permits  low-noise  designs  for  source  impedance? 
well  into  the  megohm  region. 

Figure  14-14  shows  how  FET  noise  can  tv;  characterized  by  an  equivalent  n  use 
voltage  generator  and  an  equivalent  noise  current  generator.  In  the  care  jf  the  FET, 
is  very  small,  leading  to  a  high  optimum  source  impedance.  The  narrowband 
values  of  these  equivalent  gene’  ators  are  shovm  in  Fig.  14-2 1  as  a  function  of  frequency, 
for  a  low-noise  2N2500  FET  /he  variation  of  optimum  R„  and  optimum  NF  vs. 
frequency  appears  in  Fig.  14-22.  Stability  cam  be  obtained  in  FET’s  by  using  self  bias. 
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Fig.  14-21.  Equivalent  input  noise  voltage  and  equivalent  input 
noise  current  vs.  frequency  118). 


FREQUENCY  (kc) 

Fig.  14-22.  Optimum  noise  figure  and  optimum 
generator  resistance  im.  frequency  {191 
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14.7  2.  FET  Preamplifier  Design.  Figure  14-23  shows  that  excellent  results  for 
high-impedance  pieamplifiers  can  be  obtained  by  combining  the  FET  with  a  planar 
transistor  in  a  cascode  configuration.  The  Miller  effect  is  reduced  in  this  arrangement, 
theieby  increasing  the  bandwidth  of  a  low-noise  preamplifier.  In  addition,  independent 
adjustment  of  the  transistor’s  operating  conditions  pennies  optimum  r.o'se  performance. 

f  igure  14-24  shows  the  application  of  two  FET’s  in  a  'ow-noise,  high-impedance 
amplifier  [19].  The  frequency  response  of  the  amplifier  is  shown  in  Fig.  14-25,  and 
the  broadband  noise  figure  vs.  source  impedance  is  given  in  Fig.  14-26.  The  amplifier 
has  a  fixed  gain  of  100  and  an  input  impedance  of  30  Mfl  shunted  by  8  pf.  The  broad- 
bend  noise  factor  is  less  than  3  db  with  a  generator  resistance  of  50  kfl  to  5  Mfl.  The 
2N2498  FET  is  operated  at  a  drain  current  of  1  ma,  and  the  2N930  transistor  is  operated 
at  Ic  —  100  pa.  Each  bias  current  is  optimum  for  the  respective  transistor.  The 
second  stage  is  operated  common  base  (cascode  connection).  The  optimum  source 
impeasnee  is  the  same  for  common  base  or  common  emitter.  The  10  kO  optimum 
source  impedance  for  the  second  stage  it  provided  by  paralleling  the  20  kll  emitter 
resistor  with  the  20  kfl  drain  *  esistor. 


Fig.  14-23.  Field-effect  transistor  and 
planar  transistor  in  cascode. 


II  ktl  1.0  id 


Fig.  14-24.  FET  low-noise,  high-impedance  amplifier  119). 
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Fig.  14-25.  Frequency  response  of  FET  amplifier  [19]. 
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14  a.  Synchronous  Detection 

Radiometric  instruments  frequently  use  choppers  to  interrupt  the  radiation  peri¬ 
odically  in  the  optical  path.  Choppers  permit  operation  in  the  high-frequency  region 
where  ietector  and  amplifier  characteristics  are  better.  The  frequency  of  the  ampli¬ 
tude-modulated  signal  produced  by  the  chopper  is  determined  by  the  chopping  rate. 
If  the  chopper  blade  is  shaped  to  produce  sine  wave  modulation,  the  detector  output 
will  be 

e,  —  sin  (at  U4-I06) 

where  E,(t,  —  the  peak-to-p<,ak  signal  amplitude 

•»  =  angular  frequency  produced  by  chop;  r 

A  synchronous  detector  is  essentially  a  narrowbai.d  detection  system  in  which  the 
target  signal  is  beat  with  a  reference  signal  o?  the  same  frequency  producing  a  dc 
output.  A  block  diagram  of  a  synchronous  detector  is  chown  in  Fig.  14-27.  The  output 
of  the  target  detector  is  in  intelligence  signal  which  is  amplified  and  then  muitiplie'1 
by  a  reference  signal.  The  reference  sip  ’  is  generated  b  ".  magen'  ’•  or  photoelectric 
device  synchronized  by  the  chopper.  Therefore,  the  frequency  and  ase  cf  the  refer¬ 
ence  signal  and  the  intelligence  signal  are  the  same.  The  output  of  the  reference 
detector  is  then 

er  -  Er  sin  of  (14-107) 


Target  Detector 


The  product  of  the  two  signals  appearing  at  the  output  of  the  multiplier  is  therefore 


emit)  —  KE,{t)Er  sin*  ut  (14-108) 

or 

em(t)  =  KEM)Er  (cos  2u>t  -  1)  (14-109) 


The  passband  of  the  filter  is  made  much  less  than  2«  to  eliminate  the  unwanted  fre¬ 
quency  component.  The  outpu  of  the  filter  is  then 


e.U)  =  ~  EM) 
& 


(14-110) 


Thus  the  original  intelligence  has  been  recovered. 

The  similarity  between  synchronous  detection  and  cross  comic!:''"  ie  discussed 
in  r20).  The  improvement  in  the  signal-to-noise  ratio  obtained  by  synchronous  reel; 
fication  depend'  upon  (a)  the  form  and  frequency  of  the  target  signal,  (b)  the  form  of 
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the  reference  signal,  and  (c)  the  power  spectrum  of  the  noise  entering  the  correlator. 
If  one  assumes  that  the  radiation  and  the  reference  signals  vary  sinusoidally  with 
time  and  that  the  system  suffers  from  band-limited  white  noise,  a  figure  of  merit  Q(T) 
can  be  derived  by  determinin0  the  ratio  of  the  signal  to-noise  ratio  at  the  output  of 
the  filter  to  the  signal-to-noise  ratio  at  the  input  to  the  preamplifier. 

14.9.  Grounding  Conside.  ations 

14.9.1.  Grounding  Techniques.  The  grounding  of  preamplifiers  and  associated 
circuits  is  of  major  importance.  Improper  grounding  can  cause  self-sustained  oscilla¬ 
tions,  gain  distortions,  and  numerous  other  undesirable  effects.  The  following  ground¬ 
ing  techniques  should  be  followed  in  all  diisign  considerations: 

(1)  Ground  the  amplifier  circuit  to  the  chassis  at  the  point  of  lowest  signal  level. 

(2)  Avoid  ground  loops.  Avoid  grounding  shielded  leads  at  both  ends.  Tie  the 
power  supply  return  to  the  amplifier  at  the  point  of  lowest  signal  level. 

(3)  Do  not  use  a  single  ground  bus  for  multiple-stage  amplifiers;  instead,  provide  a 
ground  bus  for  every  amplifier  stage  having  a  gain  of  100  or  more.  Return  grounds 
of  all  stages  to  the  point  of  lowest  signal  level.  If  the  ground  for  the  highest  level 
stages  cannot  be  returned  to  this  point,  then  a  separate  power  supply  return  should 
be  provided. 

(4)  Use  large  diameter  wire  for  ground  returns.  For  low-level  stages,  the  minimum 
size  shon,J  be  No.  22  or  No.  20;  for  higher  level  stages,  No.  18  is  the  minimum  size. 

(5)  Separate  the  ground  leads  of  low-level  end  high-level  stages.  If  necessary, 
shield  the  high  level  ground  lead,  then  ground  the  shield  at  the  point  of  lowest  signal 
level. 

(6)  Keep  currents  cat  of  all  shields  by  tying  the  shield  to  the  ground  at  the  point 
of  lowest  signal  level. 

14.9.2.  Low  'Noise  Cable.  A  major  problem  in  the  design  of  low-noise  preamplifiers 
is  the  spurious  audio  frequency  ncise  generated  in  coaxial  cables  due  to  shock,  excita¬ 
tion,  or  vibration.  This  cable  noise  can  completely  mask  the  desired  signal,  particularly 
in  high-impedance  circuits  subjected  to  shock  or  vibration.  The  mechanism  of  noise 
in  coaxial  cables  is  discussed  in  [21].  Miniature  iow-nois*’  cable  is  now  available 
commercially  from  Microdot,  Inc.,  under  the  trade  name  of  Minino.se  Coax  Cable  [211. 
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15.  Optical  Froquenicy-Respowse  Techniques 

15  1.  Optical  Systems  and  Linear-System  Theory 

In  large  measure  the  c’  .ical  terminology  of  linear-system  theory  is  a  transcription 
of  the  corresponding  electrical  terminology  wi.h  minor  modifications.  Even  though 
optical  systems  are  two  dimensional  and  operate  in  the  spatial  domain  in  contrast  to 
electrical  systems  which  are  general'y  one  dimensional  in  the  t;me  dor  ain,  the  basic 
analysis  is  net  altered. 

151.1.  General  Concents  of  Linear-System  Theory.  In  a  iir-ear  rystem  the 
relation  between  the  input  y<(t)  and  output  yjt)  is 

yo  =  £[y.]  (15-1) 

where  £  is  an  operator  characterizing  the  system  and  t  represents  spatial  coordinates. 
A  system  is  linear  if  the  following  conditions  are  satisfied: 

U,  Oomrortative  condition  if  y,  and  z\  are  two  inputs,  then 

4[yi  +  *.]  *£[*i  +  yi]  (15-2) 

(2)  Superposition  condition: 

£  tyi  +  Zl]  -  £  [.Vi]  +  £  lZ|]  =  .Vo  -+  (15-3) 

(3)  Proportionality  condition:  If  a  is  a  constant  (possibly  complex),  then 

fayi]  =  n£  [yt]  -  ay0  (15-4) 

If  h  is  the  imp'  3e  response  of  the  system,  the  superposition  integral  is 

yM)=  f  h<f,t)y,(l’)dt  (15-5) 

J  -TC 

If  the  system  is  stationary  (time  invariant!,  then 

yo(t  +  t)  —  £  [yiU  +  t)]  (15-8' 

In  the  spatial  domai  i  such  a  system  id  called  spatia’ly  invariant  or  isoplanatic.  When 
stationary  conditions  are  impeded  the  superposition  integral  is 

y«it)  =  j  hit  —  T)y,(r)  dr  (15-7) 

*-a 

Denoting  hy  capital  letters  tb**  Fowl  a-  transforms  of  Zq.  (15-7), 

Y0(f>  =  Hif,:r.(f)  (15-8) 

whe’e  f  is  tl.'e  frvjuency  (richer  time  or  ep-  tial'  j»q  H(f) )  is  the  transfer  function.  The 
syfcV»m  can  be-  specified  by  the  impulse  reei.'nse  funvC:  m  (in  the  time  domain)  or  the 
trai-rier  function  in  the  frequency  domain. 

fill 
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15.1.2.  Necessary  Formulas  of  Optical  Diffraction  Theory. 

Let  us  define  two  functions: 

a(x,y)  =  complex  amplitude  of  diffracted  image 
tix.y)  =  point  spread  function 

where  ( x,y )  —  coordinates  in  receiving  plane.  a(x,y)  is  not  an  observable  quantity  in 
the  optical  and  infrared  regions  '  at  least  by  present  techniques);  however,  its  absolute 
square  t(x,y)  is  observable: 

t{xtJ)  =  |au,>)|J  (15-9) 

or 

i'(x.y)  =  Cf<x,y)  (15-10) 

where  i\x,y)  is  the  illuminance  (flux  pci  unit  area).  Since  t(x,y)  is  dimensionless,  the 
constant  C  has  the  necessary  dimensions. 

The  normalized  illuminance  ratio  is 

where  t.1((0,0)  denotes  the  illuminance  at  x  =  y  =  0  (geometiic  center  of  diffraction 
pattern)  for  an  aberration-free  Airy  objective  with  no  losses.  The  i(x,y)  expresses  the 
distribution  of  illuminance  in  the  diffracted  image  as  a  function  of  that  at  the  center 
of  the  aberration-free  Airy  aperture  and  is  a  ratio  (no  dimensions).  In  practice*  i(x,y) 
is  called  the  illuminance  (or  intensity). 

15.1.2.1.  Kirehhoff  Diffraction  Theory.  Kirchhoff  diffraction  theory  states  that  the 
complex  amplitude  due  to  a  point  source  lying  on  the  optical  axis  of  the  system  is 


a(x,y)  =  J  I  A(f,rj)exp  ^  i  *(fx  +  *)y>  dtj  cli}  (15-12) 


where  k  =  2ir/K  =  wave  number  of  incident  light 
f  —  foccl  length  ;f  the  system 
n  =  rectangular  uoordi nates  in  exit  pupil  plane 

The  quantity  A(f  ,17)  or  its  equi  alent  Aifiy)  is  defined  below.  The  infinite  range  of 
integration  is  for  formal  simplicity;  actually  the  region  of  integration  is  the  area  of  the 
aperture.  In  normalized  coordinates  ( where  X  and  V  are  dimensionless  in  the  receiving 
plane), 


X  = 


2n(io 

~rx' 


(15  13) 


where  m**  and  v0  are  the  aperture  semi-angles  in  the  respective  directions.  The  dime..- 
eionless  angular  coordinates  in  the  aperture  are 

_  M  V  v 

P  =  — .=  — ;  y  =  —  ^~  (15-14) 

Mo  I  Mo  vo 

where  m  and  v  are  angular  coordinates  and  the  distance  f  is  large  enough  sc  that  the 
tangent  of  an  angle  can  be  approximated  by  the  angle.  In  dimensionless  coordi¬ 
nates, 

a(X,  Y)  =  f’  I*  A{p,y)e"BX+>r' dp  dy 

•  -*  J  -m. 


(15-15) 
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15.1.2.2.  Pupil  Function.  The  quantity  A(fi,y)  is  termed  the  pupil  (or  transmission) 
f  ^tion  and 

amplitude  distribution  of  wave  over  exit  pupil 
xp'  amplitude  distribution  of  wave  over  entrance  pupil 

In  the  general  case  the  pupil  function  is  complex.  A(ji,y)  «  1  for  physically  realizable 
systems  and  must  vanish  outside  the  apertui" . 

,4(j8,  y)  =  Aou 8,  y)  eiiwme-y)  (£,  y)  i  in  the  aperture 

(15-16) 

—  0  (J3, 7)  is  not  in  the  aperture) 

where  Ao(/3,y)  =  the  real  amplitude  distribution  over  exit  pupil 

W(p,  y)  =  the  wave-front  aberration  in  wavelength  units.  The  wave-front 
aberration  is  also  called  optical  difference,  aberration  function, 
cud  eikonal. 

Fourier  traiisform  theory  applied  to  Eq.  (15-15)  yields 


A<4 S.y)» 


a(X,Y)e-»«*x+y"  dXdY 


(15-17) 


Tl;i8  equation  is  integrated  over  the  ent.re  Fraunhofer  receiving  plane.  Thus  the 
com(  le«  amplitude  a{X,Y)  in  the  Fraui  Jio^r  receiving  plane  is  the  Fourier  transform 
of  the  pupil  function  A( j8,y).  A  knowledge  of  either  a(X,Y)  or  A(J3,y)  is  sufficient  to 
compute  the  other,  but  a  knowled.ge  of  only  tiX.Y)  is  not  sufficient  °ince  phase  informa¬ 
tion  1 1  lost.  There  are  an  infinite  number  of  pupil  functions  having  the  same  spread 
functit  ;.  The  evaluation .  1  a(X,Y)  for  an  aperture  of  arbitrary  shape  is  very  involved; 
howeve. ,  for  circular  and  rectangular  apertures  expressions  are  available  for  a(X,Y). 

15.1.2.3.  Circular  Aperture.  For  a  circular  aperture 

a(u)  =  [  A(p)J0(vp)p  dp  (15-18) 


where  p  =  r/rm 

r*  =  (fP  +  y*)f* 
r,„  =  radius  of  aperture 
.  2irr„ 


v  '-= 


air  a 


£ 

f 


\  \ 
z  =  distance  in  receiving  plane  frcm  center 
f  =  focal  length 

Jo  =  Bessel  function  of  order  zero 

In  the  special  case  of  an  aberration-free  Airy  ohjecti  /e  with  no  losses,  A(p)  =  1  and 
straightforward  integration  yields 

i(v)  =  [2J,(i>)/i>]*  (15-19) 


This  is  the  familiar  Airy  pattern  of  physical  optics  (Fig.  15-1). 

15.1.2.4.  Annular  and  Annulm  Apertures.  The  annular  aperture  is  a  circular 
aperture  in  which  the  center  is  blocked  out;  the  annulus  aperture  has  a  ring-shaped  ob 
struction  (Fig.  15-2).  The  aunular  aperture  is  a  special  case  of  the  annulus  aperture 
where  <’  is  0. 
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Lateral  Displacement 

Fig.  15-1.  Spread  (unction  for  circular  and  slit  apertures 
in  Fraunhofer  recei  ring  plane. 
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The  effect  of  the  annular  aperture  is  to  decrease  the  radius  of  the  first  minimum  of  the 
diffraction  pattern  from  its  value  v  =  3.832.  The  extent  to  which  the  'nr  imum  is 
decreased  depends  upon  the  amount  of  blocking  of  the  central  region  of  the  s^rture. 
The  resultant  gain  in  resolving  power  is  obtained  at  a  considerable  loss  of  intensity  in 
the  diffraction  pattern.  A  further  constraint  is  the  increased  intensity  of  the  secondary 
maximr.  rs  the  centra!  obstruction  is  increased.  See  [1]  for  a  comprehensive  treatment 
of  the  abtrruticn-frt-.:  annular  aperture.  Both  annular  and  annulus  apertures  pos¬ 
sessing  sphorical  aberration  are  covered  in  detail  [2].  Figure  15-3  illustrates  the 
variation  in  distribution  of  illuminance  in  the  Fraunhofer  receiving  plane  for  various 
aberration-free  annular  apertures. 


Fig.  15-3.  Distribution  of  illuminance  for  Fig.  15-4.  Straubel  pupil  function  for 

iberrr  tion-free  annular  aperture  in  Fraunhofer  values  of  n  =  0,  1,  2. 

receiving  plane. 


15.1.2.5.  Straubel  Pupil  Function  for  Circular  Aperture.  A  case  of  interest,  because 
it  adirits  of  exact  integration,  is  an  a  be  rrr.r  on-free  oys^m  with  a  pupil  function  of 
ti  e  form 

A(p)  =  (1  -  p*)"  (rt=  0,1,2, ...)  (15-20) 

For  n  =  1  the  pupil  function  follows  a  parabolic  law  roughly  equivalent  to  a  cosine 
rlistribution;  for  n  —  2,  the  A(p)  is  approximately  a  cosine  squared  distribution.  The 
behavior  of  ;Sooe  pupil  functions  is  shown  in  Fig.  (15-4).  The  illuminance  ratio  is 

i(t>)  =  [  2->n!  ]  (n  =  0,1,2,...)  (15-21) 

The  Straubel  curves  include  the  Airy  system  (A  =  1)  as  a  subcase.  The  illuminance 
curves  are  shewn  in  Fig.  15-5.  To  emphasize  the  differences  in  the  patterns  the  maxi¬ 
mum  values  of  each  pattern  have  been  normalized  to  unity  to  y  -mit  comparison 
Inci easing  n  broadens  out  the  pattern  and  suppresses  the  secondary  axima. 

15.1.2.6.  Defxu&ing.  The  effect  of  defocusing  away  from  the  Fraunhofer  receiving 
plane  is  given  by  a  term  of  the  form 

etiiv  =:  ,**-/»>»>»  (15-22) 


1 
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Fig.  15-6.  Oiatributioi  of  illuminance  for 
Straub?!  pupil  function  n  —  0,  1,  2. 


where  Wt  is  the  defocusing  coefficient  measured  in  wavelength  units,  and  u  is  the 
dimensionless  defocusing  parameter.  In  the  special  case  of  an  ""berrat ion- free  circular 
aperture  the  distribution  of  illuminance  is  symmetric  about  W,  =  0.  The  resulting 
point  spread  function  is  not  expressible  in  simple  form  but  approaches  exist  which  are 
summarized  by  Bcrakat  [3].  The  mau  effect,  of  defocusing  u  to  broaden  the  patterns. 

15.1.2.7.  Rectangular  and  Slit  Apertures.  The  complex  amplitude  in  the  Fraunhofer 
receiving  pome  for  a  rectangulai  aperture  is 


a(X,y)  = 


Mfi) 


A{y )  e*yY  dy 


(15-23) 


A  special  case  of  the  rectangular  aperture  is  the  slit  aperture,  a  very  narrow  rectangular 
aperture  where  variations  in  the  Y  direction  can  be  neglected.  Therefore, 


A(*>  e**dt 3 


(15-24) 


The  center  of  the  aperture  is  taken  to  be  zero.  If  the  limits  of  the  aperture  are  (±5/2), 
then 

„  2ttuqX  nbx 


(15-25') 
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The  lossless,  aberration-free  Airy  slit  aperture,  A(J3)  =  1,  provides  the  illuminance 

i(X)  =  pY ”)  (15-26) 

plotted  in  Fig.  15-1.  The  first  zero  of  the  s’it  aperture  spread  function  is  smaller  than 
that  of  the  corresponding  circular  aperture. 

15.1.2,8.  Variable  Pupil  Functions  for  Slit  Aperture.  Two  pupil  functions  which 
can  be  integrated  exactly  ai-e 

Ailfi)  =  a  +  (1  -  a)  cos  (1 5-27) 

£t 

(0  *S  a  *S  1) 

At'.fi)  =  (1  -  a)  +  a/3*  (15-28) 

The  behavior  of  the  functions  is  shown  in  Fig.  15-6  and  15-7.  Section  15.4  on  apodiza- 
tion  contains  a  discussion  of  additional  pupil  functions. 


Fig.  15-6.  Pupil  function  for  slit  aperture  of 
form  A i ()3)  -  a  -Ml  -  a)  [coe  (ir/2)]/8. 


Fio.  15-7.  Pupil  function  .or  slit  aperture 
of  fcim  /«(/ 3)  -  (1  -  o)  +  aft*. 
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15.1.2.9.  Strehl  Criterion.  The  Strehl  criterion  (Strehl  definition,  Strehl  intensity 
ratio)  is  not  a  physically  measurable  quantity  but  is  a  common  theoretical  measure 
of  lens  performance.  The  Strehl  criterion  (SC)  is  defined  as  the  ratio  of  the  central 
illuminance  (X  =  Y  -  0)  of  the  system  under  consideration  (with  the  possible  inclusion 
of  aberrations  and  variable  pupil  function)  to  the  central  illuminance  of  an  aberration- 
free  Airy  objective;  thus 


SC  =  i(0,0,  A,  WO 


rtO.O.A.W) 

L*((0,0) 


(15-29) 


where  A  and  W  are  included  as  parameters  to  indicate  the  dependence  of  the  SC  on  them. 
The  SC  is  unity  for  perfect  systems.  The  first  Luneberg  apodization  theorem  states 
that  the  Strehl  criterion  is  a  maximum  for  an  Airy  objective  (A  =  1);  any  variable  pupil 
function  must  decrease  the  Strehl  criterion. 

For  the  slit-aperture  pupil  functions  given  by  Eq.  (15-27)  and  (15  28),  the  SC  ex¬ 
pressions  for  the  respective  pupil  fun«.  .ions  yield: 

2 

ii(0)  =  1  -  -a  (15-30) 


ii(0)  = 


(15-31) 


The  decrease  in  i(0)  is  quite  appreciable  for  the  limiting  cases.  If  the  system  is  aber¬ 
ration  free,  a  decrease  in  the  SC  implies  that  the  light  from  the  central  maximum  must 
end  up  in  the  secondary  maxima  of  the  diffraction  pattern  because  the  system  is  normal¬ 
ized  to  constant  flux. 

15.1.3.  Transfer  Functions  of  Optical  Systems  in  Incoherent  Light  If  o(o\6)  is 
the  distribution  of  intensity  in  the  object  plane,  i{X,Y)  is  the  distribution  of  illuminance 
in  the  image  plane,  and  t{X,Y)  is  interpreted  as  the  impulse  response  of  the  optical 
system  in  the  spatial  domain,  then  by  the  linearity  hypothesis 


i(X,  Y)  -  f  [*  t{X,cr  Y,b)oi.u,b)‘lu  dh  (15-32) 

«  •«  * 

which  is  the  two-dimensional  generalization  of  Eq.  (15-5).  Assuming  spatial  invariance, 

I  t(X—o",  Y—$)o((T,8)do-d8  (15-33) 

J  -  Mi 

A  region  with  the  property  t{X,(r,  F,8)  =  l(X—-r,  Y—f>)  is  an  isoplanatic  region. 

Equation  15-33  is  in  the  form  of  a  convolution  integral  whose  Fourier  transforms  obey 
the  product  theorem 

/( o»i,  a.*,)  =  «»)0( wXl «,)  (15-34) 


i{X,Y)  =  f 


where  T(<nr,<i>C  =  transfer  function  (frequency  response)  of  system 
Oi(Ox,(Oy)  =  spatial  spectrum  of  object  intensity  distribiiion 
/(«,,  o>„)  =  spatial  spectrum  of  .neg*  illuminance  distribution 
(Ox,  wn  —  spatial  frequencies  in  x  and  y  directions  (  idians) 
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Therefore, 


i(X,  Y )  -  J  j  i((oT,(Oj)  exp  [i(w-X  +  w„Y)]  do>x  du>y 

(15-35) 

/(« )X,  o)y)  =  j  j  i(.X,Y'.  <  xp  -1-  <o„Y)]  dX  dY 

U5-36) 

and  similaiiy  for  the  other  Fourier  transform  pairs. 

The  fundamental  equation,  (15-34),  is  ii:  the  frequency  domain  and  is  the  generaliza¬ 
tion  of  the  classical  result  of  monochromatic  linear  system  theory: 

T(„AV)-°U“"‘  (1537) 

Input 

which  is  obtained  by  making  Oyus.a >„),  I(cjx,wy)  behave  as  delta  functions: 

0(<t)x,  (t) y)  =  5 (<t)x  —  U)x°)S(<Vy  —  U>y°) 

(15-38) 

I((DX ,  oiy)  —  o(o)x  —  a>x°)S(u:y  —  w„°) 

(15-39) 

where  o/x°  and  wu°  are  constants. 

In  terms  of  the  pupil  function  atX’.Y' ): 

7W ,  J"  J  A(J 3,  y)A*(/3-a>x ;  y-w„)  dfi  dy 

(15-40) 

T( 0,0)=  f  f" 

where  T(0,0)  is  a  normalizing  constant  such  that  j7,(a>j-,>vl/)|  «£  1.  By  this  relationship 
the  transfer  function  is  determined  by  a  knowledge  of  the  pupil  function,  which  in  itself 
is  a  function  of  the  design  data  of  the  system  (i.e.,  refractive  indices,  radii  of  curvature). 
The  basic  theorem  is  that  the  (incoherent)  transfer  function  is  the  convolution  of  the 
pupil  function  across  the  exit  pupil  of  the  system.  The  geometry  is  illustrated  in  Fig. 
15-8.  This  is  the  most  practical  way  of  determining  the  transfer  function.  Except  for 
the  simplest  cases,  the  alternative  method  of  computing  T{usx,(o „)  by  evaluating  the 
Fourier  transform  of  tiX,Y)  is  too  complicated. 


Fie.  15-8.  Geometry  of  convolution  integral 
required  for  evaluation  of  transfer  function. 
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In  the  absence,  of  any  aberration  (vV  =  0)  and  any  apodization  (A  -  1),  the  transfer 
function  reJuces  to  the  ratio  '  f  two  areas.  This  allows  one  to  compute  the  transfer 
function  of  a  perfect  Airy  system  with  an  arbitrary  aperture  by  analog  methods  or  <•» 
plsmmcter. 

At  some  point  (a/j.wV  the  convolved  area  will  be  zero  and  7\wx.w„)  remains  zert 
for  any  values  exceeding  An  optical  system  acts  as  a  low-pass  filter  in  the 

spatial  domain,  and  has  a  sharp  cutoff.  The  convolved  area  is  a  maximum  for  zero 
frequency  (cox  ~  o>„  =  ' )  and  is  normalized  to  unity  for  convenience. 

The  slope  of  the  transfer  function  at  the  origin  is  independent  of  the  presence  of 
aberrations.  This  has  the  important  effect  of  lessening  the  influence  of  aberrations 
at  low  spatial  frequencies. 

In  general,  T(<j)x,(dv)  is  a  complex  quantity 

T(u>t,  ojy)  -■  |7V,.  o>„)j  s,e  (15-41) 

In  the  special  case  where  the  system  is  aberration  free  and  has  a  real  pupil  function,  the 
phase  angle  8  is  zero  and  there  is  nc  phase  shift;  i.e.,  T{ojx,uiy)  in  real.  Furthermore, 
the  transfer  function  is  real  for  any  symmetric  aberration  (defocusing,  spherical  aberra¬ 
tion).  Only  asymmetric  aberrations  load  to  complex  valued  transfer  functions. 

15.1.3.1.  Transfer  Function  as  Contrast  Ratio.  Define  image  contrast  by: 

«  Ima  x  I  min 

c,  =  - - —7“  (15-42) 

Imax  >  imin 

A  sine  wave  test  target  has  an  intensity  distribution  of  the  form 

O(wx0, 0)  =  A0  -i-  B0  cos  (o>x°X)  (15-43) 

The  spatial  periodicity  is  taken  in  one  direction  only;  A0  and  B0  are  constants.  The 
object,  contrast  is 

^  Omax  '  —  Om  i„  Bo 

Co  =  n — ~cT~~T  (15-44) 

iii  no 

Thus 

0(o»x\  0)  =  A0[l  +  Co  cos  WX)]  (15-45) 

and  hence 

7(ft>x#,  0)  =  Dofl  4  7W,  0)Co  cos  (a>xa.r )]  (15-46) 

Thus,  the  modulus  of  the  transfer  function  is  a  measure  of  the  ratio  of  the  image  contrast 
to  the  object  contrast.  The  maximum  valun.  of  the  transfer  function  is  at  zero  frequency 
(dc  response),  and  1.  is  standard  procedure  to  adopt  the  normalization  that  T(wXfu>v)  =  1 
at  the  origin,  a>,  =  =  0.  The  phase  8  of  the  transfer  f  unction  is  a  measure  of  the 

amount  of  lateral  displacement  of  th.  image  from  the  geometric  center.  It  is  possible 
to  measure  8  experimentally  but  not  as  easily  as  measuring  the  modulus.  A  linear 
phase  shift  translates  the  diffraction  image  and  thus  has  no  detrimental  effect.  Non¬ 
linear  phase  shifts  introduce  harmonic  distortion  which,  of  course,  results  in  serious 
deterioration  of  the  image.  For  example,  coma  introduces  a  cubic  phase  shift. 

15.1.3.2.  Strehl  Criterion  (SC)  Expressed  in  Terms  of  Transfer  Function. 


SC  = 


«0,0) 

7\(0,0) 


Offfc'x,  (t»y)  dtox  dtoy 
■x 

f  f  Ta  (<o  Xl  Uly)  d>A>j  d(Oy 
J  —  k  J  —  ac 


(15-47) 
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upon  setting  X  ~  Y  =  0  in  Eq.  (15-33).  The  SC  is  the  irea  under  the  transfer  function. 
This  ie  an  alternative  method  of  obtaining  the  SC  and  is  convenient  if  only  the  transfer 
function  is  known.  The  maximum  SC  (unity)  is  given  by  on  aberration-free  Airy  objec¬ 
tive  ( A  =  1 ).  Thus,  the  area  under  the  transfer  function  of  an  actual  system  cr\n  be 
ifreatei  than  that  of  a  perfect  system  over  a  limited  range;  however,  the  overall  response 
cannot  he  greater. 

A  commonly  accepted  tolerance  condition  is  that  the  SC  6hall  not  fall  below  0.8.  A 
system  that  satisfies  *his  criterion  gives  an  image  which  is  only  slightly  inferior  to  that 
of  a  perfect  system. 

1S.U  ..  Transfer  Function  Expressions.  For  a  slit  aperture  of  length  b  and  a 
constant  pupil  function 


™  -  m  m  ‘  m  * 


(15-48) 


The  integration  is  only  over  the  intersection  and  the  pupil  function  is  constant  and  a>x 
must  be  normalized  to  po  as  is  /3,  then 


Here 


=  ~ -Q-fl) 
T(0) 


2/xo  b!2f  \x 


(15-49) 


(15-50) 


where  F  is  the  focal  ratio  and  fr  =  1/Xj  . 

Whan  ft  =  1,  the  transfer  function  vanishes  and  the  cutoff  frequency  is 

wx’  =  1/2F  (15-5U 

15.1.3.4.  Transfer  Function  for  Circular  Aperture.  For  a  circular  aperture  of  radius 
b  with  a  constant,  pupil  function, 

2 


T(ft) 


=  - [cos'1  n-ft(i -ft*)*'*  (o«n«  *) 


(15-52) 


where  ft  is  given  by  Eq.  (15-50)  with  the  diameter  of  the  circle  replacing  the  length  of 
the  slit.  The  transfer  function  for  the  circular  aperture  is  not  a  straight  line  like  that  of 
the  slit  aperture.  Figure  15-9  shows  the  behavior  of  the  transfer  functions  for  slit  and 
circular  apertures.  Table  T  ’>- 1  gives  the  values  for  T(ft)  for  different  values  of  ft 
(0  *  ft  <  1) 

15.1.3.5.  Transfer  Function  for  Annular  and  Annulus  Apertures.  The  curves  shown 
in  Fig.  15-10  are  adapted  from  O’Neill  [4].  A  e  the  obscuration  ratio  increases,  the 
low-frequency  response  decreases  with  a  corres  mding  increase  in  the  high-frequency 
response.  In  fact,  as  e  approaches  unity,  the  transfer  function  (being  the  convolution 
of  two  very  thin  rings)  will  have  a  spike  of  height  1  at  the  origin  and  a  spike  of  height 
1  '2  at  ft  =-  1 .  See  also  [5]. 

The  transfer  function  for  the  corresponding  annulus  aperture  is  illustrated  in  Fig. 
15-11.  VTiereas  the  annular  aperture  emphasizes  the  high  frequencies,  the  annulus 
aperture  emphasizes  (by  proper  adjustment  of  *  and  e')  the  intermediate-frequency 
region. 

15.1.3.6.  Transfer  Function  of  a  Typical  Reflecting  System.  When  a  catadioptric 
system  is  used  for  image  formation,  the  distribution  of  illuminance  of  the  system  takes 
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Fic.  15-9.  Transfer  functions  for  aberration  free  slit  and  circular  apertures. 


Table  15-1.  Transfer  Function  for 
Aberhation-Frke  Circular  Aperture 


n 

T{Sl) 

n 

T((l) 

0 

1.0000 

C.55 

0.3368 

0.05 

0.9364 

0.60 

0.2848 

0.10 

0.8729 

0.65 

0.2351 

0.15 

0.8097 

0.70 

0.1881 

0.20 

0.7471 

0.75 

C.1443 

0.25 

0.6850 

0.80 

0.1041 

0.30 

0.6238 

0.85 

0.0681 

0.35 

0.5636 

0.90 

0.0374 

0.40 

0.5046 

0.95 

0.0133 

0.45 

0.4470 

1.00 

0 

0.50 

0.3910 

Fig.  15-10.  Transfer  function  cf  annular 
aperture  for  different  amounts  of  central 
obecuratirn  [61. 
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Spatial  F rftquency 

Fig.  15-U.  Trarififer  function  of  annulus  aperture  for  different  ring  widths. 


Fig.  15-12.  Transfei  function  of  a  typical  reflecting  syttem  as 
seen  off-axis. 


an  extremely  complex  form  due  to  the  obscuratton  of  the  aperture,  and  is  Jecidedly 
ofT-axis.  The  maximum  responce  .rill  occui  when  there  are  no  aberrations;  this  is  the 
true  aperture  limit  of  the  system  because  aberrations  only  lower  the  response.  Figure 
15-12  shows  the  off-axis  response  of  a  typical  catadioptric  system.  The  transfer  func¬ 
tion  it  now  a  function  of  two  spatial  frequencies  since  symmetry  no  longer  exists. 

15.1.3.7.  Coherent  1  'lumination.  Coherently  illuminated  situations  l!o  not  usually 
appeal'  in  nature  and  :sn  only  be  achieved  in  microscopy  or  specially  designed  laboratory 
equipment.  The  I  .sic  equation  is  of  the  form  of  Eq.  (15-34)  where  the  object  and  image 
spatial  spectra  are  now  of  amplitude  rather  than  of  ilium  ;na.\ce  (amplitude  squared). 
The  amplitude  transfer  function  relating  the  output  (image)  amplitude  spatial  spec¬ 
trum  to  the  input  (object)  amplitude  spatial  spectrum  is  the  pupil  function  of  the  system, 
in  Fig.  15-13,  the  transfer  function  of  a  rlii  aperture  is  shown  for  both  coherent  (axial 
illumination)  and  incohere  it  light.  By  displacing  the  point  source  off-axis  rin  the 
coherent  case)  it  is  possible  to  increase  the  resolution  for  periodic  structures  (Abbe’s 
theorem;;  see  [71  and  [8j. 

15.1  3.8.  Car  aded  Systems.  So  far  only  the  transfer  function  of  the  optical  sys¬ 
tem  has  been  employed;  no  provision  has  been  made  for  including  the  etfec  of  film  or 
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Fig.  15-13.  Transfer  function  of  aivirratier.- 
i'ree  slit  aperture  for  coherent  and  incoherent 
illumination. 


detectors  on  the  image  If  the  Fourier  approach  is  used,  the  transfer  functions  of 
cascaded  systems  multiply  in  frequency  space.  Thus,  the  atmosphere’s  transfer 
function  is  T,,  that  of  the  lens  is  Tt,  and  that  of  the  film  or  detector  is  T3.  Now  Eq. 
(15-34)  generalizes  to 

I(u>s ,  w.i)  =  Ti(tox,  c;v)Ti(o>x.  wy)T j(wx,  wt)0(wT.  wv)  (15-53) 

If  we  neglect  the  atmosphere  transfer  function,  the  film  or  detector  transfer  function  can 
materially  alter  the  aerial  image  as  obtained  by  the  lens.  The  transfer  function  of 
films  varies  widely,  but  the  use  of  a  iens-film  combination  involves  no  nev  principles. 
The  importance  lies  in  the  transfer  function  of  the  optical  system.  Unfortunately  the 
transfer  functions  of  individual  lenses  do  not  multiply  to  give  the  overall  transfer 
function  of  the  lens  system,  as  they  are  now  defined. 

15.2.  Resolution  and  Its  Ramifications 

Although  resolution  criteria  ex  3t  for  special  situations,  these  criteria  can  only  be 
interpreted  within  their  lim  ted  context.  Two  criteria  (Rayleigh  and  Sparrow)  have 
been  formulated  specifically  for  dealing  with  point  sources.  The  third  criterion  (sine- 
wave  resolution)  is  for  situations  where  sine-wave  (in  intensity)  targets  are  viewed.  Al¬ 
though  other  situations  exist,  these  criteria  are  valuable  provided  that  proper  caution 
is  exercised  in  their  use  and  interpretation. 

15.2.1.  Resolution  Criteria  for  Point  Sources. 

15.2.1.1.  Rayleigh  Resolution  Criterion,  The  Rayleigh  criterion  states  that  two 
point  sources  are  resolvable  when  the  maximum  of  the  illuminance  produced  by  the 
first  poin  source  falls  on  the  minimum  of  the  illuminance  produced  by  the  second  point 
source.  The  Rayleigh  criterion  is  tacitly  based  upon  two  assumptions  that  severely 
restrict  the  generalization  of  the  criterion:  (a)  point  sources  are  incoherent;  (6)  point 
sources  are  of  equal  intensity.  The  two  (incoherent)  point  sources  are  to  be  placed  a 
distance  8  from  the  center  line  of  the  optical  system  (the  distance  between  the  points 
is  25).  When  the  critical  value  of  26  is  reached  the  value  of  25  is  the  (Rayleigh)  limit 
of  resolution,  called  5o.  According  to  the  Rayleigh  criterion,  the  limit  of  resolution  is 
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given  by  So  =  3.832  for  the  circular  aperture  and  A  -  3.142  for  the  slit  aperture.  Thus 
a  slit  aperture  whose  length  is  equal  to  the  diameter  of  a  circular  aperture  has  a  smaller 
Rayleigh  resolution  (approximately  18%)  than  that  of  the  circular  aperture.  In  most 
cases  the  loss  of  light  in  using  the  slit  aperture  is  enough  to  nullify  the  gain  in  resolution. 

15.2.1.2.  Sparrow  Resolution  Criterion.  Sparrow  notes  that  at  the  Rayleigh  limit 
there  is  still  a  central  minimum  which  life  belt  w  the  adjacent  maxima  of  the  diffraction 
pattern.  As  the  distance  between  the  point  comcer  is  furthei  decreased  the  central 
minimum  will  become  shallower  and  finally  disappear.  Sparrow  defines  the  limi  of 
resolution  as  that  value  of  23  (again  defined  by  So)  for  which  this  phenomenon  takes 
place.  As  the  resultant  distribution  of  illuminance  is  symmetric  about  the  origin,  ell 
the  odd  derivatives  with  respect  to  the  lateral -displacement  parameter  vanish  at  the 
origin,  and  the  analytical  statement  of  the  Sparrow  resolution  criterion  is  that  the 
second  derivative  of  the  total  distribution  of  illuminance  vanishes  on-axis;  that  is 

b * 

— i(u,8)  =  0  U>  =  0)  (lo-54) 

bo 

which  states  that  at  zero  visibility  (’>)  the  resultant  distribution  of  illuminance  under¬ 
goes  no  change  in  slope.  The  Sparrow  limit  of  resolution  is  given  by  the  solution  of  this 
equation.  Unlike  the  Rayleigh  criterion,  tie  Spirrow  criterion  tan  be  appi  ed  to 
sources  whose  intensities  are  net  equal.  In  addition,  the  Sparrow  criterion  depends 
upon  the  coherence  of  the  source.  The  resolution  limits  for  circular  sr  d  slit  apertures 
arc  listed  in  Table  15-2.  The  coherent  values  of  8*  are  larger  than  the  corresponding 
values  for  incoherent  ii'-unination. 

Tab  lx  15-2.  Resolution  Limits  roa 
Airy-Type  Objectives  with  Point 
Sources  of  Equal  Intensity  14] 

Circular  Slit 

Sparrow  Coherent  —  4.600  8*  =  4.164 

Rayleigh  8,  =  3.832  5o  =  3.142 

Sparrow  Incoherent  8o  *  2.976  8o  =  T.Sf?6 


It  is  also  possible  to  formulate  the  Sparrow  criterion  in  the  spatial  frequency  domain. 
For  example  the  slit  aperture  case  with  i inherent  point  sources  leads  to 

f  n*T(0,  W,A)  cos  (8*0)  d fl  =  "  (16-66) 

Jo 

where  T  is  the  transfer  function  (with  the  possible  inclusion  of  aberrations  IF  and 
variable  pupil  function  A).  Solutions  of  this  equation  yield  tho  incoherent  Sparrow 
limif  8o.  The  quadratic  dependence  of  fl  in  Eq.  (15-55)  implies  that  the  high-frequency 
com^nents  of  the  spatial  frequency  domain  are  the  determining  factore  for  the  Sparrow 
incoherent  criterion.  Thus,  any  transfer  function  which  enhances  the  high-freque  .cy 
region  (such  as  the  annular  aperture)  will  decrease  (v>. 

15.2.2.  Sine-War*  Resolution.  With  an  incoherently  illuminated  sine-wave  target 
of  spatial  frequency  w,*  in  place  of  the  point-source  objects,  the  distribution  of  illumi¬ 
nance  in  the  image  plane  is 

/(«A  0)  -  D'.il  +  7V«,*,0)  [exp  i(J( w,*)j  C,  cos  (wAX)} 


(15-58) 
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The  diffraction  image  of  the  sine-wave  target  will  possess  no  gradation  of  illuminance 
when  the  cosine  term  of  Eq.  (15-56)  vanishes,  that  is,  when 

<jr°X  =  A/2  (15-57) 

which  leads  to  a  sine-wave  cutoff  frequency  given  by  Eq.  (15-51).  ThiB  is  th  3  aperture- 
limited  resolution  of  the  system  and  is  the  maximum  value  that  the  particular  By  stem 
can  have. 

15.2.2.1.  Spurious  Resolution.  When  the  transfer  function  vanishes,  the  illumi¬ 
nance  in  the  image  is  uniform  for  spatial  frequencies  smaller  than  the  cutoff  frequency. 
The  transfer  functions  discussed  in  Section  15.1  are  for  aberration-free  ByBteins.  The 
inclusion  cf  aberrations  will  cauee  the  transfer  function  many  instances  t  assume 
the  form  given  in  Fig.  15-14,  which  is  the  transfer  functic.i  for  a  «Jit  aperture  with  one 
wave  of  third-order  spherical  aberration  in  the  marginal  receiving  plane.  This  cu~ve 
is  typical  of  what  iB  met  in  practice.  The  transfer  function  has  regions  w.iere  it  takes 
on  negative  values.  However,  Bince  the  transfer  function  represents  contrast,  which  iB 
a  positive  quantity,  negative  values  are  interpreted  as  arising  from  a  phase  shift  of 
amount  A.  This  implies  that,  in  the  regions  where  the  transfer  function  iB  negative, 
black  and  white  lines  reverse  their  original  position,  ibis  effect  iB  called  Bpurious 
resolution  and  iB  very  serious  because  it  sets  an  upper  limit  on  the  spatial  frequencies 
which  are  useful. 


Fig.  15  14.  Transfer  function  illustrating  spurious  resolution 


15.3.  Effect  of  Aberrations  on  Transfer  Function 

15.3.1.  Spherical  Aberration  and  Toma.  If  an  optical  system  b  perfect,  the  inci¬ 
dent  spherical  wave  front  must  emerge  as  a  spherical  wave  front  after  passing  through 
the  system.  Assume  that  the  system  is  rotationally  symmetric,  i.e.,  h.?s  a  circular 
aperture.  The  deviation  from  the  id«sal  spherical  wave  front  is  measured  in  terms  of 
the  aberration  function  W.  When  W  is  identically  rero,  the  wave-front  aberration* 
vanish  and  the  wave  front  is  spherical.  Wave  theory  of  aberrations  is  covered  ex¬ 
tensively  in  [9],  [10],  and  [11]. 

The  aberration  function  for  a  circular  aperture  depends  upon  p,  4>  (polar  coordinates 
in  the  e;.:t  pupil),  and  a:so  upon  a  (the  normalized  field  variable).  Wher  point 
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source  illuminating  the  aperture  is  on  the  aaa  of  the  optical  system,  a  vanishes.  Be¬ 
cause  of  rotational  symmetry,  the  variables  p,  (f>,  and  a  in  IV  can  only  occur  in  the 
combinations  p*,  a*,  and  p<r  cos  <f>.  The  aberration  function  has  an  expansion  of  the 
form 

W(p ,  <£,  cr)  =  Wjop'  +  Wiop *  +  iWj, <rps  cos  <f>  +  tWiap'cr* 

(15  58' 

+  2W12P2  cos*  <t>  +  aWua*p  cos  d>  +  higher-order  terms 

where  (following  Hopkins  notation  [10]  the  various  W  coefficients  represent  the  Seidel 
or  third-order  aberrations.  The  first  term  (W2 0  »  IV,)  represents  longitudinal  focal 
shift  (defocusing)  and  is  not  an  actual  aberration.  The  Seidel  aberrations  are 

(a)  IV40  ■  W«  =  spnerical  aberration 

(b)  ;IV3,  =  coma 

(c)  --  image  curvature 

(rf)  iW2J  =  astigmatism 

(e)  3W11  *  distortion 

All  of  these  coefficients  are  in  wavelength  units.  Spherical  aberration  is  indepen¬ 
dent  of  o-  and  does  not  vanish  for  a  point  source  on-axis.  Thu  third-order  coma  term  is 
of  great  importance  as  it  largely  detei  mines  the  quality  of  the  diffraction  image  in  the 
outer  parts  of  the  field.  Coma  can  be  regarded  as  spherical  aberration  for  object  points 
lying  off  th  optical  axis  of  the  system.  Spherical  aberration  and  coma  are  the  most 
serious  Seidel  aberrations  in  the  sense  that  they  are  limiting.  If  the  Bystem  has  a  poor 
transfer  function  on-axis  (due  to  spherical  aberration)  then  it  will  be  worse  off-axis. 
Coma  is  the  limiting  aberration  for  off-axis  points. 

The  expansion  of  the  aberration  function  if  actually  an  infinite  series  in  p,£  tr,  and 
the  only  j  ratification  for  truncating  the  series  is  the  tacit  assumption  that  the  aperture 
and  field  arc  small  enough  so  that  powers  of  these  variables  higher  than  the  fourth 
can  be  neglected.  In  many  practical  systems  such  is  not  the  case  arid  the  fifth-order 
aberrations  must  be  taken  into  account  to  make  the  analysis  of  the  system  realistic. 
Analysis  of  the  single  aberrations  is  &  necessary  step  in  the  development  of  transfer- 
function  theory  as  applied  to  actual  systems.  See  [6]  anil  [10]. 

15.3.1.1.  Defocusing.  When  (the  defocusing  coefficient  measured  in  wavelength 
units)  is  zero,  then  the  image  is  located  in  the  paraxial  receiving  plane.  The  transfer 
function  ia  an  even  function  of  W*.  The  transfer-function  curves  for  small  amounts  of 
deceasing  are  shown  in  Fig.  15-15.  Note  .lie  very  rapid  deterioration  of  the  contrast 
as  the  defocusing  coefficient  is  increased.  Spurious  resolution  appears  for  even  as  small 
an  amount  of  defocusing  as  one  wave. 

The  transfer  function  for  the  rectangular  aperture  suffering  defocusing  can  be  eval¬ 
uated  explicitly: 

T(fij.,  fl„)  =  R(Clt)T((ly)  (15  59) 

where 

T(CD  —  <1  —  SI)  sine  [8ndVzO(l  —  ft)]  (0«(1«1)  (15-60) 

The  defocused  transfer  function  for  a  silt  aperture  (very  narrow  rectangular  aperture 
is  shown  in  Fig.  15-16  for  the  same  values  of  Wt  as  thoso  corresponding  to  the  circulai 
aperture.  The  chief  difference  (for  corresponding  values  of  WYi  is  that  the  changes  in 
che  slit -aperture  i-ansfe.  function  z.re  more  pronounced  than  those  for  the  circular 
aperture.  TTiis  is  a  general  rule  for  all  aberrations  and  is  due  to  the  smoothing  action 
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Sp-Ulal  Frequency 

Fig  15-15.  Transfer  function  of  circular  aperture  for  veujoub 
amounts  of  defocusing. 


Spatial  Frequency 

Fig.  15-16.  Transfer  function  of  slit  aperture  for  various 
amounts  of  defocusing. 


of  the  convolution  integral  which  is  more  pronounced  in  two  dimensions  than  in  one 
dimension.  See  [12]  and  [13]. 

15.3  *  Spherical  Aberration.  A  major  effort  has  gone  into  determining  the  effects 
of  various  orders  of  spherical  aberration  on  the  transfer  function.  U-,f"  *rstely,  the 
circular  aperture  is  not  amenable  to  analytic  methods  because  of  its  '-thy.  and 

numerical  techniques  are  necessary;  see  1 14]  The  Gauss  quadra tm  method  was 
employed  by  Barakat  [12]  for  the  case  where  the  aberration  function  included  terms  up 
to  thirteenth-order  spherical  aberration: 

W=$Wt'.0p*'  (15-61) 


For  tli  present,  consider  the  terms  W:o.  V’w,  and  Rw  only. 
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In  dealing  with  third -order  spherical  aberration,  the  inclusion  of  defocueing  can 
materially  increase  the  "response  of  the  system.  Thus,  taking  the  aberration  function 

in  the  form  W  =  W4(p<  -  2pp*)  (15-62) 

where  p  =  -  Wtl2W<,  by  varying  p  we  can  shift  to  any  desired  receiving  plane: 

p  =  0  =  paraxial  receiving  plane 

p  =  1/2  =  centra!  receiving  plane 
p  =  1  =  marginal  receiving  plane 

In  Fig.  15-17  fluid  15-18  the  transfer  functions  for  a  circular  aperture  are  shown  for 
a  half  wave  and  a  full  wave  of  spherical  aberration,  respectively.  The  response  in  the 
central  plane  is  vastly  superior  to  the  response  in  the  other  two  planes.  Although  the 
marginal  curves  are  worse  than  the  corresponding  paraxial  curves  in  the  medium- 
frequency  region,  in  the  extreme  regions  of  low  and  high  spatial  frequencies  the  con¬ 
verse  is  true. 


.8 


W4-T* 


Spatial  Frequency 

Fig.  15-17.  Transfer  function  of  circular  aperture  possessing  a  half-wave  of 
spherical  aberration  in  central,  paraxial,  and  marginal  receiving  planes  [15]. 


-Marflnal 


Spatial  Frequency 


1 
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Fi-r  15-18.  Transfer  function  of  circular  aperture  possessing  one  wave  of 
spherical  aberration  in  central,  paraxial,  acd  marginal  receiving  planes  [15]. 
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Parrent  and  Drane  [16]  have  solved  the  slit-aperture  pioblem  for  W4  and  Wi  using 
Simpson's  rule.  Barakat  [15]  has  utilized  Gauss  quadrature,  and  the  curves  shown  in 
Fig.  16-19  and  15-20  were  evaluated  on  a  high-speed  computer.  The  results  are  similar 
to  those  for  the  circular  aperture,  although  the  circular  aperture  curves  are  smoother 
The  extension  of  the  analysis  to  include  Wt  (fifth-order  spherical-aberration  coeffi¬ 
cient)  is  straightforward,  and  the  aberration  function  is  of  the  form 


W  =  Wtp*  +  WAp *  +  Wtp * 
*  V«[ p*  +  ap*  +  /3p* ] 


(15-63) 


The  addition  of  the  two  parameters  a  and  /3  presents  a  bewildering  array  of  possible 
combinations.  A  theory  has  been  developed  by  Marechal  which  is  based  upon  setting 
tolerances  on  the  wave  front  in  tern  a  of  the  Strehl  criterion.  This  theory  is  useful 
only  for  fairly  small  aberrations. 


Fig.  15-19.  Transfer  function  of  slit  aperture  possessing  a  half¬ 
wave  of  spherical  aberration  in  the  central,  paraxial,  and  marginal 
receiving  planes. 


Fig.  15-20.  Transfer  function  of  slit  aperture  possessing  yne  wave 
of  spherical  aberration  in  the  central,  paraxial,  and  marginal 
receiving  planes. 
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15.3.1.3.  Coma.  Coma  being  an  asymmetric  aberration  therefore  has  a  transfer 
function  with  nonzero  phase  shift.  Goodbody  [17J  has  performed  calculations  and  we 
quote  from  his  work.  The  calculations  are  beet  performed  when  the  aberration  func¬ 
tion  is  expressed  in  rectangular  coordinates. 

W=  iVF3,(x*  y*)  (x  sin  i/i  +  y  cos  i/i)  (15-64) 

Two  salient  points  emerge  from  Goodbody’s  study: 

(a)  The  paraxial  focus  is  the  best  focus  in  the  sense  that  defocusing  results  in  the 
deterioration  of  the  transfer  functirn  in  the  low-frequency  reg.on. 

(b)  The  response  for  ip  =  0  is  better  than  for  any  other  value  of  <p  in  the  low-frequency 
region. 


Fig.  15-21.  Transfer  function  for  third- 
order  coma  of  amount  0.63  A  in  two  receiving 
planes. 


Fig  15-22.  Transfer  function  for  third- 
order  coma  of  amount  3 .89  A  in  two  receiving 
planes. 


The  two  points  are  illustrated  in  Fig.  15  21  ar.i  15-22.  The  phase  shift  introduced  by 
coma  is  nonlinear  and  is  the  cause  of  the  harmonic  distortion  of  the  imago  If  the  phase 
shift  were  linear  with  frequency,  the  effect  would  merely  be  a  shift  of  the  diffraction 
image;  see  [18]. 

15.3.2.  Computation  of  Transfer  Function  of  an  Actual  System.  The  fundamental 
problem  of  the  transfer  function  from  the  point  of  lens  designers  is  to  find  the  functional 
relation  between  the  transfer  function  and  the  design  data.  This  problem  has  not  been 
solved.  However,  in  a  given  lens  system,  it  may  be  necessary  to  obtain  the  transfer 
function  directly  from  the  ray -trace  data. 
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This  problem  has  been  attacked  by  Barakat  [  12  j  and  Baraka,  and  Morello  [19]  using 
Gauss  quadrature  theory.  Barakat's  treatment  is  very  complicated;  see  the  actual 
papers  for  computational  details  e_  i  numerical  results. 

The  schematic  presented  in  Fig.  15-23  illustrates  the  sequence  of  basic  steps.  Once 
the  wave  front  hao  been  obtained  it  is  then  necessary  to  fit  a  curve  by  some  appropriate 
approximation  scheme,  to  yield  a  polynomial  or  rotational  expression  for  W.  Once 
the  wave  front  is  known  three  basic  quantitites  can  be  computed: 

(1)  Transfer  function 

(2)  Distribution  of  illuminance 

(3)  Total  illuminance 

The  distribution  of  illuminance  due  to  a  point  source  can  be  computed  by  evaluating 
the  Kirchhoff  diffraction  integral  Eq.  (15-15).  It  is  also  of  interest  to  ki  ow  the  total 
illumination  in  the  various  rings  of  the  diffraction  pattern,  that  is  the  fraction  L  of  the 
total  energy  th>:v  falls  within  a  circle  of  radius  v0  about  the  axial  point  in  a  given  re¬ 
ceiving  plane.  Obviously  L  vanishes  when  vQ  is  zero  and  approaches  unity  ea  r0  becomes 
infinite.  Although  the  illuminance  isophotes  (lines  of  constant  illuminance)  are 
extremely  complicated,  the  corresponding  isophotes  of  total  illumination  are  smooth 


Fig.  15-23.  Schematic  of  steps  required  for  computation  of  transfer  function  and 
associated  functions  from  design  data 
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functions.  This  is  a  consequents  of  the  fact  that  the  integration  over  the  illuminance 
is  a  smoothing  ope.  ation  in  the  ser<ae  that  the  average  properties  of  the  diffract ‘-m  pat¬ 
tern  are  brought  to  the  foreground. 

Other  information  in  this  ere  a  can  be  found  in  [20]  and  [21]. 

15.4.  Effect  of  Apodization  on  the  Transfer  function 

The  theory  of  apodization  is  concerned  with  the  possibility  of  detenmning  the  ampli¬ 
tude  distribution  over  the  exit  pupil  (pupil  function)  in  order  to  achieve  son.*'  prespeci- 
iied  distribution  of  illuminance  over  a  designated  receiving  plane  in  the  image  held 
The  usual  attempts  involve  an  expansion  of  the  amplitude  distribution  over  the  exit  pu¬ 
pil  i  pupil  function)  in  a  convenient  set  of  functions,  s.g.,  Hermite,  lambda,  and  Legendre. 

There  are  two  theoretical  approaches  to  apodization.  The  first  end  simplest  is  to 
choose  some  pupil  function  and  to  determine  the  resultant  transfer  function,  spread 
function,  etc.  Second  and  more  difficult  is  the  synthesis  problem;  that  is,  given  a 
prespecified  quantity,  determine  the  required  pupil  function. 

15.4.1.  Altering  High-  or  Low-Frequency  Response  by  Apodization.  Two  im¬ 
portant  general  apodization  theorems  are: 

(1)  If  the  pupil  function  weighs  against  the  center  of  tho  aperture,  then  in  the  high- 
frequency  region  the  transfer  function  increases  over  that  of  an  Airy  system. 

(2)  If  the  pupil  function  weighs  against  the  edge  of  the  aperture,  then  in  the  bw- 
frequency  region  the  transfer  function  increases  over  that  of  an  Airy  system. 

As  two  examples  which  illustrate  these  theorems,  consider  a  slit  aperture  with  pupil 
the  aperture;  the  latter  against  the  edge  of  the  aperture.  Tie  transfer  functions  for 
functions  given  by  Eq.  (15-27)  and  (15-28).  The  former  weighs  against  the  center  of  the 
aperture;  the  latter  ag  linst  the  edge  of  the  aperture.  The  transfer  functions  for  these 
two  pupil  functk  os  are  shown  in  Fig  15-24  and  15-25  for  three  values  of  a  (=  0, 0.5, 1.0). 


Spatial  Frequency 

Fig.  15-24.  Transfer  function  of  apodired  slit  aperture  having 
pupil  function 


15.4.2.  Luneberg  Apodization  Problems.  Luneberg  [22]  formulated  a  series  of 
important  apodization  problems,  but  gave  the  explicit  solution  to  the  first  only.  For  a 
solution  of  the  remaining  problems  see  [22]. 

T  le  most  important  of  the  theorems  arises  from  the  first  Luneberg  problem,  which  is 
to  determine  the  pupil  function  thut  maximizes  the  central  illuminance  (essentially  the 
Strehl  criterion)  subject  to  the  condition  that  the  total  energy  passing  through  thr 
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Fig.  16-25.  Transfer  function  of  apodized  slit  aperture  having 
pupil  function  /,;(/3). 


aperture  is  constant.  The  final  result  is  the  pupil  function  which  yields  the  maximum 
Strehl  criterion,  i.e.,  the  Airy  pupil  function  {A  =  1).  In  other  words,  any  apodization 
scheme  will  lower  the  Strehl  criterion. 

15.5.  Merit  Factors 

15.5.1.  Linfoot  Quality  Factors.  The  most  important  quality  factors  ore  the  three 
proposed  by  Linfjot  [24],  These  factors  determine  on  a  statistical  basis  the  degree  to 
which  an  optical  system  rep.  oduces  various  selected  aspects  of  the  object. 

15.5.11  Relative  Structural  Content.  The  first  quality  factor  (and  in  some  respects, 
the  most  important)  is  the  relative  structural  content  r  defined  in  the  spatial  frequency 


domain  by 

f  \T(<i)x*  toy^OifOxy  (Oy)  du>x  dtoy 

Co  j -X  J-7t 

115-65) 

where 

Co  =  f  f  0(w.f»  CUy)  d(l) '  diDy 

(15-66) 

and  0(<ox,Uy)  is  the  powei  spectrum  of  the  object.  In  the  special  but  important  case  of 
a  flat  obje-.t  spectrum  [0(<ux,  w*)  —  constant],  F  becomes 

F'-jjrJj  \T«oz,wv)\-  RuijJwy  (15  57) 

whore  F0  is  now  the  area  of  the  spatial-frequency  domain  over  which  the  transfer 
function  exists.  The  contribution  to  F  by  the  transfer  function  ib  always  positive 
because  T  appears  es  a  squared  quantity.  Thus  the  effects  of  spurious  resolution  are  not 
accounted  for  using  this  quality  factor. 

15.5.1.2.  Fidelity  Defect.  The  second  quality  factor  is  the  fidelity  defect  defined 
in  the  frequency  domain  by 

0  =  7rl  f  [1  -  T(aix,  (Oy)]tO{(oT,  <oy)  du>x  do>  :  (15-68) 

The  effect  of  spurious  resolution  is  now  taken  into  account  because  the  transfer  function 
now  enters  linearly  (as  well  as  quadratically)  into  0.  The  fidelity-defect  factor  is  a 
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measure  of  the  degree  to  which  the  maxima  and  minima  of  the  object  and  image  are 
superposed. 

15.5.1.3.  Correlation  Quality.  The  con  elation  quality  w  is  given  by 


T{o»s.  cj„)0(o»ri  dojr  d(i)u 


(15-69) 


=  i(F  +  «) 

As  the  second  equation  shows,  Q  is  a  linear  combination  of  the  first  two  Linf  nt  quality 
factors  In  the  case  of  an  object  with  a  flat  spectrum ,  Q  becomes 


T(<l ix,  o>L,)  dais  dajy 


(15-70) 


which  is  the  Strehl  criterion  inti  -iced  previously.  Thus,  Q  is  a  generalization  of 
the  Strehl  criterion. 

15.5/i.  Plane  of  Beat  Focus.  There  is  no  general  method  for  determining  the  plane 
of  best  focus  because  it  depends  upon  the  object  being  viewed.  The  investigations  for 
three  important  cases  are  summarized: 

(1)  For  a  point  source 

(2)  i  or  a  sine-wave  target 

(3)  For  a  random-detail  target 

15.5.2.1.  Point  Source.  The  plane  of  best  focus  for  a  pc :  rt  so, .  ce  is  that  in  which  the 
Strehl  criterion  is  a  maximum.  This  definition  gives  a  dear-cut  answer  only  for 
smp'.l  aberrations  in  systems  with  spherical  aberration  and  defocusing.  When  the 
aberrations  are  large  the  answers  are  not  unique  and  in  fact  the  Strehl  criterion  is 
almost  useless  as  a  merit  factor  for  determinmg  the  plane  of  best  focus.  The  theory 
predicts  that,  fcr  a  system  suffering  third-order  spherical  aberration  and  defocusing, 
the  plane  of  best  focus  is  the  central  plane  halfway  between  the  paraxial  and  marginal 
planes.  For  values  of  >  2.5A,  the  Strehl-Richter  theory  fails.  The  Strehl-Richter 
theory  is  closely  related  to  the  Marechal  theory  previously  mentioned.  The  Marechai 
theory  does  not  deal  with  single  aberrations,  but  tolerances  are  set  on  the  mean  square 
value  of  the  wave  front;  it  requires  that  the  mean  square  deformation  of  the  wave  front 
with  reference  to  a  spherical  wave  front  be  minimized. 

15.5.2.2.  Sine-Wave  Target.  The  plane  of  best  focus  for  periodic  detail  (sine-wave 
target)  is  that  receiving  plane  for  which  the  transfer  function  is  a  maximum  at  a  speci¬ 
fied  frequency  ;  i.e ,  the  plane  of  best  focus  depends  upon  the  rputial  frequency  of  the 
target.  Figure  15-26  illustr »u.<j  how  the  plane  of  best  focus  vanes  aa  a  function  of 
defocusing  for  a  half  wave  of  spherical  aberration.  Note  the  shift  of  the  plane  of  best 
focus  to  the  marginal  focus  (/x  =  1)  us  the  spatial  frequencies  are  increased.  A  similar 
curve  for  one  wave  of  third-order  spherical  aberration  for  both  slit  and  circular  apertures 
is  shown  in  [16]. 

15.5.2.5.  Random  Detail.  In  practice  one  does  not  usually  encounter  point-source 
or  sine-  -,ave  targets  only  but  rather  random  distributions.  This  case  differs  from  the 
two  previous  ones  ;  -  «use  statistical  considerations  enter.  As  the  square  of  the 
transfer  iunuuoo  is  related  tc  the  mean  square  fluctuations  in  the  image,  a  reasonable 
crite..  n  as  a  measure  of  the  plane  of  best  focus  is,  the  relative  structural  content  F 
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Fig.  15-28.  Plane  of  best  focus  for  sine  wave  targets. 


Fig  15-27.  Relative  structure!  content  of 
circular  aperture  having  spherical  abe:Ta- 
tion  and  defocusing. 


defined  by  Eq.  (15-65).  The  plane  of  best  focus  in  the  presence  of  random  detail  is 
that  plane  in  which  F  is  a  maximum.  The  plane  of  best  focus  will  depend  not  only  upon 
the  system  through  the  transfer  function  but  also  upon  the  object  via  its  power  spectrum. 
To  illustrate  the  criterion,  take  the  case  of  a  flat  Voject  spectrum  and  a  circular  aperture 
.uttering  third-order  spherical  aberration.  The  results  of  the  computations  are  shown 
in  Fig.  15-27  for  W.,  =  0.5X  and  1.0A.  The  plane  of  best  focus  lies  approximately  in  t  he 
central  plane  p  —  0.5. 
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15.6.  Frequency  Response  Calculations  from  Lens  Design  Data* 

Frequency-response  techniques  have  not  yet  reached  a  state  of  development  such 
that  they  can  be  used  for  the  syn  thesis  of  optical  systems,  although  is  a  description  of 
performance,  and  for  some  analysis  steps,  they  are  very  useful.  T!  e  Institute  of  Optics 
at  the  University  of  Rochester  has  a  detailed  desig  1  proa  dure  programmed  on  a  1620 
IBM  computer  [25]  The  method  is  based  on  the  standard  ehjrration  polynomial,  and 
includes  a  frequency-response  calculation  ir  he  procedure.  Some  of  Dr.  Hopkins’  com¬ 
ments  about  frequency-response  calculations  are  paraphrased:  It  is  an  exceedingly  diffi¬ 
cult.  program  to  write.  If  design  requirements  are  stringent,  wave-front  errors  are 
reduced  to  a  minimum.  If  not,  there  is  a  compromise  at  best  and  not  much  point  in  the 
time  and  expense  ci'  the  frequency-response  calculations.  Frequency  response  is  a 
function  of  w  velength  and  direction;  what  wavelengths  and  directions,  how  many,  and 
what  weighting  they  should  have  should  be  applied  to  any  average. 

Frequency  response  can  be  calculated  on  the  basis  of  physical  optics.  Miyamoto  [6] 
discusses  the  calculations  and  their  relationships  in  detail.  Results  in  brief  are: 
The  region  from  0  to  2k  waves  of  optical  path  difference  is  difficult  to  determine  by 
approximate  methods.  As  long  as  the  geometrical  image  is  inside  the  diffraction  image, 
it  is  valid  to  use  the  geometrical  response. 

15.6.1.  Computer  Calculations  of  Frequency  Response.  A  recent  article  in 
Applied  Optics  describes  the  theory  for  performing  some  of  these  calculations.  As  an 
example,  and  for  possible  use  or  adaptation,  the  FORTRAN  frequer.cy-response  program 
as  used  by  the  Institute  is  given  below. 

FREQUENCY-RESPONSE  PROGRAM  FOR  THE  IBM  1620 

Abbreviations  Used  in  Frequency- Response  Program 

R  =  radius  of  &  circular  aiea  at  the  iirr«m 
E  =  energy  within  the  circle  of  radius  P. 

AR  =  r  =  mean  of  two  adjacent  R  values 
DE  —  AE  =  difference  of  two  adjacent  E  values 
N  =  number  of  R  values  =  number  of  E  values 
J  =  running  integer  1  through  N 
RSC  =  (sec  fl)1* 

AN  =  6  =  obliquity  angle  of  chief  ray  in  image  space 
FN  =  n  =  =  spatial  frequency 

X  =  wri.RSC)  —  argument  of  Bessel  function 
AJ  =  first  order  Bessel  function,  J0 
T  —  modulation  transfer  factor 
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FORTRAN  STATEMENTS -MODULATION  TRANSFER  FUNCTION 


DIMENSION  L(21),F(21),AR(20),DE(20) 

READl.N 

1  FORMAT  (12) 

D02,.T=l,N 

2  RE  AD3,E<  J  ),R(«J) 

3  FORMAT  (E15.8,F15.8) 

READ4,RSC,AN 

4  FORMAT  (E15.8,E15.8) 

NQ=N— 1 

D05,I=1,NQ 

AR(I)=(R(I+l)+R(I))/2.0 

5  DE(I)=E(I+1)-E(I) 

6  READ7.EN 

7  FORMAT  (E15.8) 

SUM-0.0 

D012,I=1,NQ 

X^.283 1853*EN*  ARvD’RSC 
IF(X— 7.0)8,11,11 

8  Y—  \*XI4.0 
W=Y 
EM=I3.0 
SIG=— 1.0 

9  Y=W*(Y/(EM*EM)+SIG) 

SIG=— SIG 

FM=EM— 1.0 
IF(EM—1 .0)  10,10,9 

10  AJ=  1.0-Y 
GO  TO  12 

11  Y=1.0/(8.0*X) 

Z=Y*Y 

P=  1 . 0— Z  * ( 4 . 5  -4  59 . 3 7 5  *Z ) 

Q=-Y*(i. 0-Z*(37. 5-7741. 875*Z)) 

SQ— SQRT  (3. 1415927*X) 

A=(F  -Q)/SQ 
B— (P+Q)/SQ 

AJ=A*SIN(X)+B*COS(X) 

12  SUM=DF(I)*  AJ  +  SUM 
T=SUM/F(N) 

PRINT13,EN,T,AN 

13  FORMAT  (5HEN  =  ,E13.8,5H  T  =  .E13.8,  7H  AN  =  .E13.8) 
D015,J=1,N 

15  PRINT16,J,E(J),J,R(J) 

16  FORMAT  (2HE(,12,4H)  =  ,E13.8,6H  R(,12,4H)  =  ,E13.8) 
GO  TO  6 

END 
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INPUT  TO  1620  FREQUENCY  RESPONSE 


FIELD  1  FIELD  1  FIELD  2  FIELD  2  FIELD  3  FIELD  3 
CARD  NO.  SIZE*  TYPE  VARIABLE  SIZE  *  TYPE  VARIABLE  SIZE  *  TYPE  VARIABLE 


1 

2.  I* 

N 

2  thru  N+l 

15,  E* 

E(J) 

15,  E 

RlJ) 

N  +  2 

15.  E 

RSC 

16,  E 

AN 

N+3.N+4,... 

16  E 

EN 

Type  I  is  an  integer  (e.g.,  i,  12,  20). 

Type  E  is  a  signed  decimal  number  followed  by  a  signed  power  of  ten  for  relocating  the  decimal  point 
(e  g.,  -.842  E  —3  .000842).  A  maximum  of  8  places  after  the  decimal  point  is  allowed  and  the 

powr,  of  ten  exponent  mue*  K.-  >  —99  and  <  +99. 

•AH  number'  must  be  right  yistified  in  the  field. 


15.7.  Optical  Response  Measuring  Equipment 

There  is  no  standard  way  for  measuring  optical  response.  The  techniques  usually 
involve  the  preparation  of  a  series  of  spatial  sine  waves  and  a  method  for  measuring 
the  image  contrast.  Two  designs  appear  in  the  recent  literature  [26,27];  others  can 
be  developed.  The  essence  U'one  device  is  quoted  from  [27]: 

A  stabilized  tungsten  ribbon  filament  lamp  serves  as  a  source,  the  filtered  light 
passing  through  a  condenser  system  uniformly  illuminates  a  fine  slit.  The  slit  then 
serves  as  a  self-luminous  incoherent  object.  The  lens  under  test  forms  an  image  of  the 
slit  in  the  front  focal  plane  of  a  microscope  objective.  The  microscope  objective  then 
presents  the  image  to  sinusoidally  varying  masks  of  fixed  spatial  frequency  and  ampli¬ 
tude  which  are  mounted  in  frequency  pairs  on  a  rotating  drum.  The  image  transmitted 
by  the  sinusoids  is  integrated  by  a  931-A  RCA  photomultiplier  tube.  The  diffuser  in 
front  of  the  phototube  uniformly  illuminates  the  photocathode  elements.  The  output 
of  the  photomultiplier  tube  is  then  presented  to  a  potentiometer  pen  recorder. 

The  area  masks  are  arranged  in  frequency  pairs,  where  one  area  mask  is  stepped  90° 
out  of  phase  with  the  other.  In  this  way  ten  spatial  frequency  pairs  are  arranged,  all 
the  peaks  of  the  cosine  area  masks  are  in  line  with  one  another  on  the  drum,  then 
automatically  the  area  masks  representing  the  sine  component  would  be  in  line.  Thus 
when  a  slit  image  i3  presented  to  the  area  masks  and  its  transmission  measured  and 
recorded,  the  peaks  on  the  chart  recording  would  then  represent  the  real  and  imaginary 
parts  of  the  transfer  function  for  each  spatial  frequency  available  on  the  drum. 

For  an  image  which  shows  no  phase  shift  effect,  all  the  peaks  on  the  chart  recording 
corresponding  to  the  transmission  of  the  sinusoids  (imaginary  part)  will  be  equal  to 
each  other  and  equal  to  the  half  amplitude  zero  spatial  frequency  area  mask  which  in 
turn  is  equal  to  the  average  transmission  of  the  area  masks.  These  peaks  represent 
the  baseline  for  the  measurement,  and  is  the  self-normalization  constant  for  the  meas¬ 
urement.  The  half-amplitude  normalization  target  has  an  area  transmittance  equal 
to  the  average  chart  transmittance  but  is  a  zero  frequency  target.  Thus  at  some 
frequency,  vhen  the  image  suffers  a  shift  in  phase  a  peak  appears  below  the  normaliza¬ 
tion  curve,  this  phenomenon  most  common  when  the  system  suffers  from  defect  of  focus, 
is  called  "spurious  resolu..on.”  A  curve  connecting  ail  the  maxima  of  the  cosines  is 
then  the  real  part  of  the  transfer  function  of  the  system  relative  to  the  helf-amplitude  or 
average  transmittance.  A  curve  connecting  all  the  sine  terms  is  a  plot  of  the  imaginary 
part  vs.  frequency. 

The  drum  carries  ten  frequency  pairs,  ranging  from  0.201  lines/mm  for  the  lowest 
to  8.20  lines/mm  for  the  highest  frequency.  The  apparatus  is  equipped  with  three 
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microscope  objectives  which  mAgrLty  the  frequencies  such  that  it  is  possible  to  obtain 
a  range  from  1  79  lines/mm  to  730  lines/mm.  The  drum  rotates  ac  two  speeds.  At 
the  high  speed  the  transfer  function  can  be  seen  on  an  oscilloscope  where  rapid  adjust¬ 
ments  can  be  made  for  proper  position  and  normalization.  When  the  drum  is  switched 
to  low  speed,  which  is  approximately  1  rpm,  a  permanent  record  can  he  made  on  the 
recorder.  Thus  it  can  be  seen  that  after  proper  normalization,  it  takes  only  minuter 
to  record  directly  the  transfer  function  of  an  optical  system.  For  an  experienced 
operator  a  complete  characteristic  can  be  measured  for  a  lens  system  for  at  least  twenty 
positions  through  focus  in  one-half  hour. 
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16.X.  Introduction 

In  this  chapter,  the  l<\sic  mathematical  relations  employed  in  spatial  frequency 
filtering  are  summarized,  the  usual  approaches  to  spatial  filter  analysis  are  presented, 
and  the  commonly  encountered  space  filter  expressions  are  tabulated.  Almost  no  de¬ 
rivations  are  given  here.  Reference  [1]  contains  a  reasonably  thorough,  intuitive 
introduction  to  most  of  the  concepts  involved  in  spatial  filtering. 

16.2.  Basic  Mathematical  Relationships 

16.2.L  Fourier  Transform.  The  Fourier  transform  and  inverse  transform  for  a 
two-dimensional  spatial  s(x,y)  are: 


Sikx,ky)  =  f  r  8ix,y)  e~JIrikxX*kv>l) dxdy 

J  —  9 o 

(16-1) 

six,  y)  —  r  J*  S(kx,  ky)  eltwikxX*ky'/)  dkx  dky 

(16-2) 

Spe  iai  frequencies  in  the  x  and  y  directions  are  represented  by  kx  and  ky,  respectively. 
The  arbitrary  spatial  pattern  s(x,y)  may  be  considered  to  be  real  for  all  incoherent 
infrared  systems.  S(kx,k¥)  is  in  general  complex.  |S(Ar,A»)|  is  its  amplitude  term; 
e  x'  w  is  its  phase  term.  Fourier  tranafoim  pairs  are  denoted  by  a  double  headed 
arrow:  s(x,y)  «-*  S(kx,ky).  The  condition  for  the  existence  of  Eq.  (16-1)  and  (16-2)  is 
that  the  following  inequality  holds: 

J  J  |«(x, >■) |*  dxdy  <  *  (16-3) 

16.2.2.  Properties  of  the  Two-Dimensional  Fourier  Transform.  Some  useful 
properties  of  the  two-dimensional  Fourier  transform,  which  may  be  easily  derived  from 
the  definition,  are  given  in  this  section. 

l€.2.2.r.  Space  Scaling.  If  six,y)  and  S(kx,kt)  are  Fourier  transform  pairs,  then  the 
following  transform  relationship  exists: 

*“'w”rasis(.'f)  <16-4) 

16.2.2.2.  Space  Shifting.  If  s(x,y)  is  shifted  by  a  constant  ,n  each  direction,  its 
amplitude  spectrum  is  unchanged,  but  its  phase  spectrum  in  each  direction  is  modified 
by  a  term  linear  with  space  frequency 

six  -  x«,y  -  y0)  ♦*  S(kx,  kw)  * -'w**xo+ Vo*  (16-6) 

16.2.2.3.  Space-Frequency  Shifting  The  correspondin'*:  transform  pair  for  a  shift 
in  space  frequency  is: 


+  Ofay)  «-»  S(lfx  _  ^  ft*  _ 
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16.2.2.4.  Space  and  Space-Frequency  Differentiation. 


d"  d* 
<ixm  dym 


s(x,,y)  *-* ( j2nkx)M  (j2irkv)*  S(kx,ky) 


(—j2irx)m(—j2ny)n8(x,y)  **  S(kx,  kv) 


U6-7) 


(16-8) 


16.2.2.9.  Conjugate  Factions.  If  s(x,y)  is  a  complex  spatial  function,  then  for  its 
conjugate  s*(x,y),  the  following  transform  r>air  holds: 


if  s(x,y)  is  real,  then 


s*(x,y)  «-*  S*(—  kj,  -  ky) 


a*(x,y)  =  s(x,y)  «-*  S(kx,kv) 


S(kX,  ky)=  S*(“  kX,~ky) 


S*(kx,  ky)  =  S(--  kXl-  ky ) 


(16-9) 


(16-10) 


(16-11) 


(16-12) 


16.2.2.6.  Symmetrical  Spatial  Functions.  If  s(x,y)  is  both  real  and  symmetrical 
about  the  origin;  i.e.,  if  3(x,y)  =  s(—  x-  y),  then  S(kx,ky)  is  real  and  symmetrical,  and 


S(kx,ky)  =  4j  J  s(x,  y)  cos  2i'lkxx  +  kyy)  dx  dy  (16-13) 

«(*.y)  =  4  f  [  S(kx,  ky)  cos  2ir(kxx  +  kvy)  dkx  dkv  (16-14) 
Jo  Jo 

16.2.2.7.  Parscval’s  Theorem.  The  two-dimensional  expression  for  Parseval’s 
theorem  for  two  real  spatial  functions  Si(x,v)  and  st(x,y)  is 

f  f  8t(x,  y)8t(x,  y)  dx  dy  =  f  f  St(-kx,-ky)St(kx,  kv)  dkr  dkv  (16-15) 

J  -  JC  J  -  •*  J  ~  X.  J  ~  Xi 

r  k  r  x 

~  j  j  S  \(kr,  ky)Sl(  —  kX,  —  ky)  dkX  dky  (16-16) 

j’  Sl*(kx,ky)St{kr,ky)dkxdky  (16-17) 

=  |  j  Sl(kx,ky)St*(kx,ky)dkxdky  (16-18) 

16.2.3.  Two-Dimensional  Fourier  Transforms  in  Polar  Coordinates.  The  rela¬ 

tions  between  rectangular  coordinates  (x,y)  aH  (kx,ku)  and  polar  coordinates  ( p.O )  an  i 
(kp,tp)  are: 


x  —  p  cos  6  kj  =  kp  cog  ip 

y  —  p  sin  6  ky  —  kp  sin  i p  \ 

x’+y’^P1  *x*  +  ky*  =  *„*  f 

dxdy  =  pdpdd  akx  dky  —  kp  dkp  dipj 


(16-19) 
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The  Fourier  transform  has  the  form 


r<4f 

I  /ax  -jtwk  pirot  8  C04  +  +  tin  *  fin  +)  ,  , 

J  s(p,  6)  e  e  pdedp 

fx  rtw 

I  1  A\  ™  '»-*)  >A  J 

s(p,6)  e  "  pdedp 

Jo  Jo 

The  inverse  Fourier  transform  has  the  form 

s(p,0)=  f  [  S(kp,  ifi)  eitwkpP  c“  (*  *>k!1d^dkp 

Jo  Jo 


(’6  20) 


(16-21) 


If  the  spatial  function  is  not  dependent  on  6,  ther  the  Fourier  transform  pair  for  a  (  o ) 
takes  the  form 

S(kp)=i  s{p)Jo(kpf)p  dp  (16-22) 

J  0 

s(p)  =  J  S(kp)Jo(kpP)kpdkp  (16-23) 

where  Jo  is  the  Bessel  function  of  the  first  kind  &nu  order  zero. 

16.2.4.  Dirac  Delta  Function.  The  spatial  Dirac  delta  function  8(x,y)  is  used  to 
represent  a  finite  energy  source  or  a  finite  tr-jom  uttance  concentrated  into  an  arbi¬ 
trarily  small  region  of  the  plane.  For  example,  V x-x0,y—y0)  is  used  to  represen.  a 
"point”  source  at  (x0,  y <>)■  The  energy  density  at  Uojo)  is  infinitely  large. 
Mathematically,  the  delta  function  can  be  defined  in  terms  of  its  sifting  property: 


8(x— Xo.  y-y0)s  (x,  y)  ax  dy  -  s(x0,  y0) 


(16-24) 


where .?  ( x  ,y )  is  an  arbitrary  function  continuous  at  (x0,yo).  In  terms  of  t!u3  definition, 
the  Fourier  transform  of  8(x— xu,y— >'o)  i?  easily  found  to  be  e  thus 

establishing  a  Fourier  transform  pair  for  the  Dirac  delta  function. 

A  delta  function  in  erms  only  one  spatial  variable  8(x  —  x0)  may  be  interpreted 
physically  as  a  line  source  or  a  line  transmittance  of  infinite  length  and  arbitrarily 
small  width,  elon^  the  line  x  =  xo. 

Another  property  of  the  delta  function  is: 


8(ax,6y)  =  7-777  $<*00  (16-25) 

!a||6| 

16.2.5.  Products  and  Convolutions.  If  the  inverse  Fourier  transform  of  tha 
product  of  two  space-frequency  functions  S  \(kx,ky)  and  St(kx,k„)  is  taken,  the  result  is 
the  convolution  of  the  inverse  Fourier  transforms  of  the  two  functions: 

r  f* 

s(x,y)  =  J  j  s,((.  ri)s?(x-{,  y-T))  dfdT)  (16-26) 

Similarly,  if  the  Fourier  transform  of  the  product  of  two  spatial  functions  Si(x,y  ’  and 
Si(x,y)  is  taken,  the  result  is  the  convolution  of  the  Fourier  transforms  of  the  two  func¬ 
tions: 
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S(kx,ku)^f  [  Slik(,k'l)St(kJ.-k(,kv-kv)dk i  Jr*  (16-27) 

16.2.6.  Autocorrelation  Functions  and  Wiener  Spectra.  The  autocorrelation 
function  u>({,  17)  is  defined  as  a  joint  mean  of  a  random  process  [1]. 

w((,rf)  =  j  J  sis*ps(si ,  f ;  Si,  17)  dfi  dsj  (16-28) 

where  ut  and  «j  are  two  sample  functions  evaluated  at  two  randomly  chosen  points, 
(Xi.yi)  and  (xi ,yt)  respectively,  and  p.  is  the  second-order  joint  probability  density 
function  of  the  random  process  which  generated  Si  and  sa.  £  and  p  are  equal  to  xi  —  xa 
an  J  3'i  -  yt,  the  displacement  coordinates  between  (xi.yO  and  (  ,ys),  respectively.  The 
random  process  is  assumed  to  be  stationary  in  terms  of  second-order  statistics.  If 
,he  random  process  is  also  ergodic,  the  autocir  ^elation  function  may  be  represented 
in  tema  of  an  average  over  space  of  a  single  sample  function  of  the  random  process: 

1  fA  rB 

tv(f,ri)  -  lim  —■  I  8(x,y)s(x+f,y+p)  dx  dy  (16-29) 

.»-*■  4AB  J j-b 

J5  -*  » 

The  condition  for  the  existence  of  Eq.  (16-26)  and  (16-29)  is  that  total  mean  square 
average  of  the  random  function  be  bounded;  i-e.,  tha. 

lim -7—  f  f  |  *  ( x  ,.v )  |  *  dx  dy  -  (16-30) 

which  is  a  less  stringent  condition  them  expression  (16-3).  An  autocorrelation  function 
tor  functions  satisfying  (16-3)  may  be  represented  as  fol’ows: 

u>((,r))=J  j  s(x,  y)s(x+(,  y+rj)  dx  dy  (16-31) 

The  Wiener  spectrum,  W(kx,kv),  the  analogy  of  the  power  spectrum  in  electrical 
systems  analysis,  is  defined  simply  as  the  Fourier  transform  of  the  autocorrelation 
function: 

W(kx  ky)  =  j "  j  w((,  r l)e-ltw'k*t+k*') d(  di)  (16-32) 

If  the  spetial  pattern  s(x,y)  satisfies  expression  (16-3;  the  Wiener  spe h:rum  may  be 
represented  directly  in  terms  of  S(kXlky): 

W(kx,  ky)  =  \S(kx,  A,)|*  (16-33) 

Since  the  Fourier  transform  of  a  random  (continuing)  function  does  not  exist  [1], 
the  Wiener  spectrum  must  be  used  whenever  a  space  frequency  representation  is  needed. 

16,3.  Analysis  of  Spatial  Frequency  Filtering 
The  basic  expression  for  the  time-varying  output  v{t)  of  a  spatio-temporal  filter  is 

i'(t)  =- J  J  r(x,y,t)a(x  y)  dx  dy  (16-34) 

where  r(x,y,t)  is  a  general  expression  for  a  spatio-temporal  filter,  and  s(x,y)  is  an 
arbitrary  input  scene.  The  infinite  limits  are  for  generality;  actually  Hx,y,t)  is  zero 
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outside  a  f  ate  region.  This  expression  applies  to  scanning-aperture  space  filters,  to 
fixed-field  moving- reticle  space  filters,  and  to  scanning-field  moving-reticle  space  filters. 


16.3.1.  Sea  aing-Ape*Ture  Space  Filters.  For  a  scanning  aperture  :.»ovn:g  with  a 
velocity  ux  paiallel  to  the  x  axis,  r{u,y.t)  is  represented  as  r(x~uxt,y )  anti  the  output 
;8  given  by 


“-r.r 


r(x—  uTt,  y)8(x,  y)  dx  dy 


(16-35) 


The  Fourier  transform  »  (/)  (also  called  the  output  spectrum)  of  this  expression  is 
given  by 

V(f)  =  ±  f"  R*(£.ky)s(£ky)dky  (16-36) 


If  the  input  scene  is  represented  only  in  teinvj  of  its  Wiener  spsetrum  W(kx,ky),  the 
output  power  spectrum  <P(f)  is 


<P(f) 


-if.  K9>)h£>« 


:  >  u 

l  UK  y 


(16-37) 


If  there  is  also  a  velocity  component  uy  in  the  y  direction,  the  expressions  for  V(f) 
and  are 


si—,—) 

\UX  Uy) 

(16-38) 

U  x  ll  y  i  \li  x  U  y  /  \ 

%w(-£,-£) 

\UX  Uy! 

(16-39) 

16.3.2.  Fixed-field  Moving-Reticle  Space  Filters.  One  type  of  fixed-field  moving- 
-eticle  apace  filter  is  simply  an  infinite  reticle  pattern  r»(x—uxt,y)  scanning  over  the 
limited  input  scene  s(x,y)ra(x,y),  where  ra(x,y)  is  the  fixed  field  of  view  of  the  space 
filter. 

The  Fourier  transform  of  an  infinite  parallel-spoke  square-wave  reticle,  assuming  the 
spokei  are  parallel  to  the  y  axis,  is  cn  array  of  delta  funct  ions  (along  the  kx  ax;s)  whose 
magnitudes  are  determined  fiom  the  Fourier  seri?s  of  a  square  wave. 


Rw(kr.  ky)  S(kx,  *„)  +  V  — “7—  8(*x  ~  [2n  -  1  ]  ko,  ky) 

L  *  _  t  l  Z  fl  —  i  )7T 

+  X  To - '"TV  "  ~  l]fco,  ky)  (16-40) 

*■'  \  i  n  —  1  in 

n  -  l 

wbeie  k«  is  the  fundamental  space  frequency,  the  perod  being  the  width  of  one  spoke 
pair.  The  output  spectrum  V\f)  from  scanning  the  endless  reticle  over  the  limited 
scene  with  a  velocity  ux  in  the  direction  is1 


V(f)~  u,[  /  .  j..S<t',{'!R"('£ 

[  2  \Ux/  s ■  i  (2  n  1  )'jr  [ii/  J 

+  1  roZ^ii5K  +  (2n 

...  (2 n-  iyrr  [  u,  J.i 


(16-41) 
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The  output  is  periodic,  hence  the  expression  is  simply  the  transform  of  a  Fourier  series 
whose  coefficients  are  determines  from  the  square  wave,  but  are  further  modified 
by  the  spectrum  of  the  limited  scene.  If  the  input  jcene  is  represented  only  in  the 
form  of  a  Wiener  spectrum  W(k.r,ky),  the  output  power  spectrum  its 


(16-42) 


The  Fourier  transform  of  an  infinite  checkerboard  square- wave  reticle,  assuming  that 
the  pattern  is  oriented  so  the  square  edges  are  parallel  to  the  coordinate  axes,  is  a 
double  ar>-ay  cf  delta  functions  along  th?  4f"  linos  which  biract  the  right  angles  formed 
by  the  coordinates  in  the  (,kx,ky)  plane.  The  magnitudes  are  determined  from  tire 
Fourier  series  of  a  nymnetrical  triangle  wave  [1] 


4  \  1 

RAkx,  ky)  =-  S(A,,  r  x~  7  ~ - 77-7  6[^f-(2n-l  >»o,  *i,-[2n-l]*o 

4  ",  ('n  ~  lytr  I1 

+  £  ^^TTT;p«[*x+(2n-l)*,.*^-(2n-:'fc0] 

+  £  wo — ;TTTi  ii*i“(2n-l)*0,*,+(2n-l)*,] 

».i  it*/*  -  l / rr  J * 

+  £  *lk*+(2n-l)k0,  k,-(2n-i)ko]  (16-43) 

where  ko  is  the  fundamental  space  frequency  in  either  the  x  or  y  directions,  the  period 
being  twice  the  width  of  one  checkerboard  square.  The  output  r.pectrum  V(f)  from 
scanning  the  endless  checkerboard  with  a  velocity  of  u,  in  the  x  direction  over  a  scene 
'imited  by  r,  (x.y)  is: 

Vif> -£ls(£)  C  L 

f  i  1 1^-1  is*  4£  - l2"  -  "*•]  /’  S'. s<-  {>> 

H.[^-U(2n-l)^-C»J  d{x  d(y 

H  z  |  l&Tw  •[£ + <2"  -  H  f.  f. Sl{- w 


! 
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+ i  i  *[£  -  «2"  - «*■]  £  r. s<{-  « 

(2n-l)A,-£,J  d{,d{, 

+ £  i  nanhc?  »[£ + (2n  -  H  £  f. s,{-  « 

(16-44) 

If  the  input  is  described  only  in  terms  of  its  Wiener  spectrum,  the  output  power  spec- 
trum<I>(f)  corresponding  to  Eq.  (16-44)  ;s 

«■<«-£  j  »(£)  £  £  "'<«'•  «N£-fc-«.)f  <«■  <«> 

+ £  i  isrW  *[£  - «»  -  »*•  £  £  ■«..  ;-> 

Cr,  (2n— 1)*.— €,]  *  d£xd{» 

+ £  I,  isrW  *[£ + ,2  ‘  -  H  £  £ ■«* •  u 

(2n  -  1  )*♦-(,] P  dt  d£„ 

+ £  |  isrW  4£ -  <2»  -  **1  £  £ 

k[£-U-(2«-1)*.~(.]|‘ 

+ £  I  *[£ + (2n  -  H  £  £  {-> 

(2n--l)ife.-(rJ|*  cEC,d£r  (16-45) 


16.3.3.  Scanning-Field  Moving-Reticle  3p«ce  Filters.  The  ocanning-field  moving- 
reticle  space  filter  has  both  a  moving  reticle  and  a  scanning  aperture;  however,  the 
velocities  of  the  two  elements  are  not  necessarily  equal  nor  even  in  the  same  direction. 
In  the  previous  case  of  the  reticle  scanning  a  scene  limited  by  a  fixed  aperture,  the 
time-varying  output  was  periodic.  The  effect  of  having  the  aperture  move  is  one  of 
modulating  the  periodic  s  gnal  and  thus  spreading  the  signal  enerf  into  frequency 
bands  about  the  original  sit mal  harmonics  [2].  Two  scanning  situations  are  considered 
belor. . 

The  first  situation  concerns  both  the  reticle  iix,y)  and  the  aperture  field  stop  a(x,y) 
moving  in  the  x  direction.  The  velocity  of  the  reticle  with  respect  to  the  seen*  a  uxr, 
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the  velocity  of  the  aperture  with  respect  to  the  scene  is  u,„,  and  the  velocity  of  the 
reticle  with  respect  to  the  aperture  is  uTra,  where  uirn  =  uTT  -  Usually  uxr  is 
greater  than  uIc.  The  time-varying  output  is  giver  by 

f“  f" 

i Kt) --  f  !  six,y)a(x-uX9t,y)rix-uTrt,y)  ux  dy  (16-46) 

'Hie  corresponding  output  spectrum  V(f)  is 

(16-47) 

The  second  situation  is  concerned  with  the  reticle  scanning  in  the  y  direction  with  a 
velocity  of  with  respect  to  the  scene,  and  the  aperture  moving  in  the  x  direction 
with  a  velocity  of  uIa  with  respect  to  the  scene.  Also,  the  reticle  does  not  move  with 
respect  to  the  aperture  in  t,\e  x  direction,  so  that  the  reticle  also  has  a  velocity  of  u_-r 
in  the  x  direction  with  respect  to  the  scene.  The  time-varying  output  is  given  by 


v(t)  =  j*  j  e{x,y)a(x-urJ,y)rix-uxJ,y-uWrt)dxdy 
The  corresponding  ouiput  spectrum  is 

.  kxUxa  f \ 


v'f)=irf  F  F 

H*[k'x, ^~f^d>:xdktdkx 


Uyr 


(16-48) 


(16-49) 


Expressions  (13-47)  and  (16-49)  involve  a  double  convolution  in  the  kt  ard  the  kx 
directions,  respectively. 

For  inputs  represented  only  in  terms  of  their  Wiener  spectra,  the  output  power  spec¬ 
trum  expressions  corresponding  to  Eq.  (16-47)  and  (16-49)  are,  respectively: 


_L  r 

Ujrro  J~m 


IJtba^k  •  w)  !*  dkx  clk.dk' x  (16-50) 

I  \  Uxa  /| 

«/)=“-  f  F  F  W(kz>  kw) \A(ki~k'r> 

|a(*'  *,^kurU")\ dkx'  dk,  dkx  (16-51) 

16.3.4.  Circular  Sectored  Reticle*.  The  circular  sectored  reticle,  which  is  also 
known  as  the  "wagon-wheei”  reticle  or  the  episcotister,  is  shown  in  Section  16.4.  This 
r  tide  is  best  represented  in  polai  coordinates  as  a  periodic  variation  in  the  6  direction 
The  Fourier  transform  /?(*„,<*)  of  a  drcular  sectored  reticle  with  n  black- white  spoke 
pairs  and  with  a  radius  of  a  is  given  by 


654 


SPATIAL  FREQUENCY  FILTERING 


aJ  t  (2  nakp) 

*'*••*)  =~u~+ 


1  “  (—jytp-un  r,wa*p 

8in L  lj"’  “•wd* 


JUp  | >3,(2 )  denotes  the  Bessel  function  of  the  first  kind  and  order  (2 p  —  l)n.  R(kp,  ip) 
is  «  complex  function  when  n  is  odd,  and  is  real  when  n  is  even.  If  the  original  reticle 
function  is  rotated  with  an  angular  velocity  tut  so  that  r(p,0)  becomes  rip,-— tat),  then 
R(kp,4i)  becomes  R( tut}.  In  f'ther  words,  the  Fourier  transform  rotates  with  the 
same  velocity  in  the  opposite  direction. 

16.4.  Fourier  Transforms  of  Common  Space  Filters 

Ten  pairs  of  the  more  common  space  filters  snd  thei:  Fourier  transforms  are  illus¬ 
trated  and  summarized  below  for  use  in  the  mathematical  expressions  of  Section  16.3, 
especially  Section  16.3.2.  Solid  black  in  the  figures  indicates  a  transmission  of  0; 
white  indicates  a  transmission  of  1 . 

16.4.1.  Rectangular  Aperture.  Figure  16-l(a)  show  a  simple  rectangular  "perture 
with  dimensions  a  x  6.  The  Fourier  transform  of  this  aperture  is 


Ra(k; t,kv) 


sin  nakx  sin  nbky 

V*kxky 


(16-53) 


One  quadrant  of  \Ra(kx,ky)\  is  shown  in  Fig.  16-1(6). 

16.4.2.  Circular  Aperture.  Figure  16-2(a)  shows  a  circular  aperture  of  radius  a. 
The  Fourier  transform  of  this  aperture  is 


Ra(  kj,  ky) 


aJ\(2rra  Vkx 1  +kjl) 

Vkx*  + 


(16-54) 


One  quadrant  of  |/?a(Ajr,  Atf)|  is  shown  in  Fig.  16-2(6). 

16.4.3.  Infinite  Parallel-Spoke  Reticle.  A  parallel-spoke  reticle  which  is  infinite 
in  extent  in  both  directions  is  shown  in  Fig.  16-3(a).  Fourier  transform  is  given 
by  Eq.  (16-40)  snd  is  shown  in  Fig.  16-3(6). 

16.4.4.  Infinite  Checkerboard  Reticle.  A  checkerboard  reticle  which  is  infinite  in 
extent  in  both  directions  is  shown  in  Fig.  lS-4(a).  Its  Fourier  transform  is  given 
byEq.  16-43  and  is  shown  in  Fig.  16-4(6). 

16.4.5.  Parallel-Spoke  Reticle  Limited  by  Rectangular  Aperture.  A  parallel- 
spoke  reticle  limited  by  a  rectangular  aperture  of  dimensions  a  x  6  is  shown  in  Fig. 
l6-5(a).  The  Fourier  transform  of  this  reticle  is  given  by  either  of  the  following  expres¬ 
sions. 


t  ,  *  1  sin  irakj  sin  nbky  , 

n(*jr,  —  ,  ,  +  y 

2  nkx  t rky  " 


(-  1)"~‘  Bin  .rq[/«,  ~  (2n  -  l)jto]  sin  nbky 
(2n  — lbr  n[kx  -  (2n  -  !)*<>]  nky 


4-  y  (~  l)*-1  sin  7ra[^2  -I-  (2n  -  1)&q]  sin  nbky 
",  (2n  —  lhr  n[kx  +  (2n  --  l)*o]  irky 


R(kx  k„)  = 


Bin  nbky  sin  nixJ2)kx  sin  n akx 
irky  nkx  sin  nxjtx 


(16-56> 


Figure  16-5(6)  showr  |/??.tx,^»)|  for  kx  >  0. 
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16.4.6.  Parallel-Spoke  Reticle  Limited  by  Circular  Aperture.  A  parallel-spoke 
reticle  limited  by  a  circular  aperture  of  radius  «  is  shown  in  Fig.  16-6(a).  The  Fourier 
transiorm  of  this  reticle  is 

a  JA2Tra\/kT+~})  (-  D"  'a  J,(2naV[kx  -  C 2n  -  1  >*0 ]=  +  A*1 

R  (kx,  ku)  = - - +  >  - - — - ;===  ==  — = - 

?.  VA,1  +  A„*  {2n  ~  1)7r  \'  [kx  -  (2n  -  Dko}1  +  A„* 

n*  I 


V  i~  I)"'  'a  «/i(2rraV[AJ. 4-  (2n  -  1)A0]2  +  k* 
f  2_j  (2n  -  l)ir  V[*,  +  (2n  -!)*«]*  +  k* 


One  quadrant  of  is  shown  in  Fig.  16-6(6). 

16.4.7.  Checkerboard  Reticle  Limited  by  Rectangular  Aperture.  A  checkerboard 
reticle  limited  by  e  rectangular  aperture  with  dimensions  c  x  6  is  shown  in  Fig.  16-7(a). 
The  Fourier  transform  of  this  reticle  is  given  by  either  of  the  following  two  expressions: 


1  e:n  irakx  sin  -nbky 


nkx 


71  A, 


1 _ sin  TTa[ki  —  (2 n  —  PAp]  sin  Trb[kv  --  (2n  —  1)A0] 


[(2n  —  1)77]*  7r[Av  -  (2 n  -  1)A0]  7r[A„  —  (2  -  l)Ao] 

1  sin  77 a[kx  -<•  <2n  -  1)A0]  sin  7t6[*i<  f  (2n  -  i)A0j 
+  [(2n  ~  1)77]*  Tr[Ajr  +  (2n  —  l)Ap]  7r[A„  +  (2n  --  l)An] 


_ 1 _ sin  Tra[kI  —  2 n  —  l)Aoj  sin  nb[ku  4-  (2n  -  DA;,] 

[(2n  —  1)77]*  7r[Aj-  —  (2n  —  l)Ap]  7r[A,,  +  (2n  —  1)AP] 


+  2 


1 _ sin  ira[kj  -f  (2n  —  PAp]  sin  nb[ku  —  (2 n  -  1)A0] 


“  [(2n  —  D77]*  77[Ax  4- (2n  —  l)Ao]  7r[A„  —  (2n  —  l)A0j 

(16-58) 

,  „  sin  ir(xol2)ks  sin  n(xJ2)ky  sin  irakx  sin  776 A y  xo 

R(kx,  A J)  ==  2 - 7 - 7 - -  - - r  - T  coe  77  -(Ax  +  A,) 

nkx  77*1/  sin  77X0 Ax  sin  nxjtv  l 


|R(Ax,Av)|  is  shown  in  Fig  16-7(6)  for  Ax  >  0. 

16.4.8  Circular  Sectored  Reticles.  Circular  sectored  reticles  with  one,  two,  and 
four  spoke  pairs  are  shown  in  t  gs.  l6-8(a),  16-9(a),  and  16-l(Xa).  The  Fourier  trans¬ 
form  of  a  circular  sectored  reticle  with  n  spoke  pairs  is  given  by  Eo.  (16-52),  which 
consists  of  a  term  independent  of  n  and  a  summation  of  terms  dependent  on  n.  The 
term  which  is  independent  of  n  is  simply  one-half  if  expression  ( 16-54),  which  is  shown 
in  Fig.  16-?i6).  Figures  16-8(6):  16-9(6),  and  16-10(6)  show  only  the  summation  terms 
of  R( ke,ip)  aftet  the  first  term  has  been  removed. 
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17.  Control  Systems 


17.1.  Linear  Systems 
17.1.1.  Basic  Definitions 

Basic  System.  The  Dusic  system  to  be  considered  is  shown  in  Fig.  17-1.  Most 
systems,  however  complex  can  be  reduced  to  this  basic  form  by  applying  the  rules 
and  techniques  given  in  Sec.  17.1.2. 


Fic.  17-1  Basic  feedback  cor.tre!  system. 


In  general,  throughout  this  chapter,  functions  represented  by  lewer  case  letters  are 
functions  of  the  time  variable  /,  capital  letters  are  used  to  represent  the  Laplace  trans¬ 
form  of  the  lower-case  letter  function,  and  are  functions  of  the  complex  variable  s  — 

a  +juf. 

Typical  Test  Sic  mals 

(1)  The  Delta  function,  8<f  -  t0K  u0  < *  -  to),  is  zero  for  all  time  except  fP.  when  its 

height  f  infinite  and  its  area  is  unity;  it  is  approximated  by  a  short  rectangular 
pulse  of  unit  t:sa. 

(2)  The  unit  step,  hit  -  t0',  a,  (t  -  M,  is  ze*-o  for  all  t  <  t«  and  one  t'oi  all  t  >  it  is 

usually  specified  to  be  one-half  t  i  =  f0.  .t  is  approximated  b  •  fast- rising 
voltage  (relay  or  switch  with  mercury  wetted  contacts,  semicondut  nr  switch, 
etc.'. 

(3)  The  unit  ramp,  wit  -  t„)t,  u:  if  -  f«),  is  zero  for  all  t  <  f..,  increasing  with  mity 

slope  for  t  >  i0. 

» 4 >  The  unit  parabola,  ait  —  folf1,  u:,U  —  f0),  is  zero  for  all  t  <  to,  increasing  at  f* 
for  t  >  to. 

Time  Descriptions  ok  S/stem  Behavior 

i  3 !  The  time  constant  is  the  time  it  takes  tne  svstem  to  reach  ( 1/e  >A ,  when  the  input 
is  Ahit )  (see  Fig  17-2). 

(2)  Rise  time,  t, ,  :s  the  time  it  takes  the  system  to  move  from  0  i  A  to  0.9A,  when  ..he 
input  is  Ah't t  (see  Fig.  17-2). 

(3 1  Time  delay,  t,t,  is  the  time  interval  between  the  time  of  application  of  input, 
A/n  f  t,  to  the  time  the  system  reaches  0.5A  (see  Fig.  17-2). 

(4)  Overs!  oot  is  (A,.  -  A  A,  with  ;nput  Ahlt)  and  a  peak  value  of  output  A,,. 

Ocerrhoot  is  measured  as  a  fractional  or  absolute  value,  or  as  a  percent  (see 
Fig.  17-2i. 
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(5)  Time  of  response,  or  setting  time,  t„  is  the  time  required  for  the  system  output 

(with  input  Ah(t ))  to  reach  and  stay  within  a  certain  tolerance  (e.g.,  59t> 
of  tha  final  value  (see  Fig.  17-2). 

(6)  Time  to  peak.  tp,  is  the  interval  between  application  of  input  Ah\t)  and  peak 

output. 

(7)  The  position  or  displacement  error  is  given  by  e  =  r  —  c  (r  8nd  c  defined  as  in 

Fig.  17-1). 


(8) 


The  velocity  or  rate  error  is  given  by  e  —  r  —  c. 


where  x  is  any  variable. 


) 


(9)  The  acceleration  or  parabolic  error  is  giver,  by  e  =  r  —  c. 


Weighting  Function.  The  weighting  function  gU)  is  the  response  of  a  system  to  a 
unit  impulse  input. 

Transfer  Function.  Transfei  functions  may  be  defined  as  follows 


(1)  The  Laplace  transform  of  weighting  function 

G's)  =  L  {git)} 


where  L{g(*)}  =  Laplace  transform  of  g(t)  =  G(s). 
(2)  Th  •  ratio  of  Laplace  transforms  of  input  ar.d  output 

T  i  f  * '  t  ✓*»  „  . 


G(s) 


L{r<t)}  R(s) 


(3.  The  frequency  response  function  when  it  exists  (i.e.,  for  stable  systems)  11). 
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The  basic  forms  c?  transfer  functions  are: 


(а)  Gain  or  sensitivity  G(?)  =  K 

(б)  Differentiator  G(s)  =  rs 

(c)  Integrator  G(s)  =  (^s)"' 

la)  First-order  lead  G(s)  =  1  +  rs 

( e )  Fiist-order  lag  G(s. I  =  (i  +  rs)-1 

(f)  Second-order  lead  G<s)  =  s1  +  2{tu«s  +  w,* 

(£)  Second-order  lag  G(s)  —  (s1  4-  2(o>,,s  +  w,*)-’ 

yh)  Time  delay  G(s)  =  e~'d‘ 

Stability 

Absolute  Stability.  If  the  output  of  a  linear  system  is  bounded  for  any  bounded  input, 
the  system  is  said  to  be  absolutely  s  -ible  (we  exclude  neutrally  stable  systems  since 
in  practice  they  do  not  exist). 

Relative  Stability.  Relative  stability  is  the  change  necessary  to  make  a  system 
unstable. 

Minimum  Phase  System.  A  minimum  phase  system  is  one  whose  characteristic 
equation  has  roota  with  only  negative  real  parts,  henoe  the  minimum  phase  shift  for 
a  given  amplitude  characteristic. 

Gain  Margin.  Gain  margin  is  the  additional  gain  necessary  to  makf  the  Bystem 
unstable. 

Phase  Margin.  F'hase  margin  is  the  additional  phase  Bhift  necessary  to  make  the 
system  unstable. 

Crossover  Frequency.  The  crossover  frequency  &><-,  or  the  frequency  to  which  the 
loop  is  closed,  is  the  frequency  at  which  system  gain  is  0  db. 

17.1.2.  Determination  of  Transfer  Functions.  Transfer  functions  can  be  deter¬ 
mined  from  signal  flew  graphs,  block  diagrams,  Bode  plots,  and  Laplace  transforms 
of  transient  signals. 

17.L2.1.  Signal  Flow  Diagrams  [2] 

Introduction  Signal  Sow  diagrams  are  directly  applicable  to  circuits  (electrical, 
mechanical,  etc.)  and  furnish  a  method  for  obtaining  the  transfer  function.  They 
^an  also  be  applied  to  block  diagrams  for  simplification. 

The  circuit  aquations  are 


2  avx<  =  0  j  =  1,  2,  3, 
(-0 


The  equations  can  be  rewritten 

* 

*j  =  £  tij-t  j  =  1,  2,  3,. 


t<j  = 


«u 

atJ  -  1 


when  j  *  i 
when  j  =  i 


I 
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Figure  17-3  shows  the  generalized  diagram  if  each  x,  >s  a  node,  and  if  n  is  3.  Th'' 
transfer  function  of  the  entire  circuit  can  be  found  by  applying  signal  flow  rules  and 
diagram  simplification. 


Fiu  17-3.  General  signal  flow 
diagram  for  a  3-terminal  network. 


Signal  Flow  Rules 

(a)  Signals  travel  only  in  the  direction  of  arrows. 

(b)  A  signal  is  multiplied  by  the  transmittance  of  the  branch  tt,. 

(c)  The  value  of  the  signal  at  any  node  is  the  si  -n  of  the  signals  entering  the  node. 

(d)  The  signal  value  of  any  node  is  sent  along  all  branches  leaving  the  node 
R;  1 1 ;  Simplifying  Signal  Flow  Diagrams 

( a  del  paths  can  be  combined  by  summing  transmittances  (Fig.  17-4). 

(b)  Series  paths  can  be  combined  by  multiplying  transmittances  Tig  17-5). 


Fir.,  i 7-4  Example  of  parallel 
path  combination. 


Fic.  17-5.  Ei  ample  of  series 
path  combination. 


(c)  Terminal  and  Bource  ends  of  branches  can  be  moved  To  move  the  terminal 
end  of  a  branch  f3i  tsee  Fig.  17  6),  a  new  nod*  «et' )  must  be  defined,  at  which  all  incom¬ 
ing  branches  (except  the  one  to  be  moved)  terminate  is  coupled  to  the  oH  node 
tei )  by  transmittance  1.  A  branch  from  the  original  node  (ei)  to  any  node  (e»>  must 


I 


Fig  17-6.  Example  of  procedure  for  moving 
the  terminal  end  of  a  branch. 


have  ita  source  moved  to  e,'  and  must  receive  a  branch  from  the  source  node  (e.i)  of  the 
moved  branch;  this  new  branch  will  have  transmittance  f iSfr, •-  The  terminal  end  of 
the  branch  is  moved  from  e,  to  multiplying  its  transmittance  by  that  of  the  path 
along  which  it  moved  (i.e.,  /situ). 

To  remove  the  source  end  of  a  branch  from  >:3  (Fig.  17-7),  each  source  which  had  a 
branch  terminating  at  e3  must  now  have  a  branch  terminating  at  For  example, 
for  e4  (see  Fig.  17  7 j  the  transmittance  is  t<3t? j,  etc. 

id )  Seif  loops  can  be  eliminated  by  multiplying  the  incoming  branch  transmittances 
by  1/(1  -  tkk)  <Fig.  17-8). 


»ninmmn»  •**;  A"’ 


idBSUrtVSM  WiWWWHSWr. 


Fig.  17-7.  Example  of  procedure  for  removing  source  end  of  a  branch. 


Fig.  17-8.  Example  of  the  elinination  of  ■»  self  loop. 


17.1.2.2.  Block  Diagrams  [3].  Basic  rules  for  the  simplificatic  i  of  block  diagrams 
are  illustrated  in  Fig.  17-9,  where  the  contents  of  each  box  is  the  transfer  furction 
of  that  box. 

17.1.2.3.  Bode  Diagrams.  Experimental  curves  are  obtained  which  relate  system 
attenuation  and  phase  to  frequency  ii  e.,  frequency  respo  »u  curves).  Bode’s  method 
(see  17.1.3.5)  is  used  to  draw  approximate  asymptotes  to  the  attenuation  curve;  r.he 
phase  plot  car.  be  used  to  determine  "break”  points.  The  approximate  curve  can  be 
corrected  by  actuating  £  in  quadratic  terms  (see  17.1.3.1  and  17.1.3.5).  Further  cor¬ 
rections,  such  as  I.invilie’s  method  [2]  are  available. 

17.1.2.4.  Transient  Response  Analysis 

General  Method.  Apply  a  transient  eit)  and  record  the  open  loop  system  output 
cU)  (some  useful  inputs  are  found  in  Sec.  17.1.1).  Then  the  ratio  of  the  Laplace  trans¬ 
forms  of  response  and  input,  G(s)  =  Cts)/£(s),  yields  the  transfer  function  Gis,.  For 
•'omplicated  citl,  one  ran  use  approximations  made  from  a  series  of  simple  functions 
(such  as  steps,  triangles,  impulses,  rectangles,  etc.),  and  the*;  find  the  transform  of 
each;  the  total  transform  is  the  sum  of  the  transforms  of  the  individual  components. 

Guillemin’8  Imfui.se  Method  )2].  An  impulse  is  applied  to  the  system  to  obtain 
git),  gii)  is  then  approximated  by  a  sequence  of  straight  linec  impulses,  parabolic 
curves,  cubic  curves,  or  other  higher  powers  of  t,  yielding  g*(t)  g  'i'  r:.  differentiated 
until  only  impulse  functions  remain;  then 
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Fig.  17-9.  !>sic  rules  for  block  diag.um  simplification. 


where  G*(  ju)  is  the  approximate  transform  oftf(t) 
a*  is  the  amplitude  of  the  fcth  impulse 
U  is  the  time  of  the  fcth  impulse 

^  is  the  number  of  derivatives  taken  to  obtain  impulses 
n  is  the  total  number  of  impulses  used. 

Approximating  git)  by  straight  lines  is  equivalent  to  approximating  git)  by  para¬ 
bolic  segmenls. 

17.1.3.  Methods  of  Analyzing  Linear  Systems.  A  linear  system  can  be  analyi  d 
!  considering  the  differential  equations  describing  it,  by  its  weighting  function, 
by  Nyqu;st  methods,  by  the  Bode  method,  by  log  modulus  plots,  and  by  root  locus 
methods 


Fig.  17-9  (Continued).  Basic  rules  for  block  diagram  cation. 


17.1.3.1.  Differentia l  Equation  Method 

Representation  of  the  System.  Sum  the  torques  (forces,  voltages,  etc.)  on  the  out¬ 
put  and  write  the  equation  of  motion  (where  p  =■  dldt), 

C(p)  =  R(p) 

The  characteristic  equation  is  C(p)  —  0. 

Absolute  Stability  Analysis.  If  the  characteristic  equation  has  any  derivatives 
missing  (lower  than  the  order  of  the  equation),  or  if  the  coefficients  of  the  character¬ 
istic  equation  are  not  all  of  the  same  sign,  the  system  is  unstable.  If  the  roots  of  the 
characteristic  equation  have  any  positive  real  parts,  the  system  is  unstable.  A  useful 
test  for  positive  real  roots  is  Routh’s  Stability  Test  I  (4): 

Write  the  characteristic  equation 

ft 

C(*l  =  V  ais"-*  =  0 

I 
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Form  an  array  from  the  coefficients,  as  follow  i,  continuing  until  t 
one  entry: 


do 

a-i 

a, 

a3 

b, 

b3 

c, 

c„ 

where 

fci  =  —  det 

b3  =  -  det 

Ci  =  —  det 


last  row  has  only 


|  do 

a> 

ki 

a3 

a° 

a4 

le- 

a3 

ai 

a  3 

b, 

b3 

The  number  of  zeros  in  the  right-half  7-plane  is  indicated  by  the  number  of  sign 
changes  in  the  first  column.  Work  can  be  simplified  by  dividing  each  element  of  a  cow 
by  the  absolute  value  of  the  first  element  of  that  row.  If  an  entry  in  the  first  colnmn 
is  0,  replace  the  zero  by  t  and  continue 

If  all  elements  of  a  row  are  0,  there  are  imaginary  roots  [5].  An  auxiliary  polynomial 
is  formed  f>-om  the  last  non-zero  row;  the  order  is  n  (the  order  of  the  original  equation 
is  m,  the  number  of  the  last  non-zero  row  is  r,  and  n  —  m  —  r+1).  The  powers  of  s  con¬ 
tained  in  thi3  polynomial  will  either  be  all  even  or  all  odd.  Differentiate  and  proceed. 

If  the  characteristic  equation  is  written  in  terms  of  K  (a  gain  constant),  linuls  on  K 
for  stability  (an  be  determined  such  that  the  sign  requirement  is  satisfied. 

Example 

(s  —  2)  (s  +  3)  (s  +  5)  (s2  +  9) 
s5  +  6s4  +  8s1  +  24s*  -  9s  -  270 


Row 


1: 

2: 

3: 

4: 

5: 


1 

8 

-9 

1 

4 

-45 

[61 

[24] 

[-2701 

1 

9 

14] 

[361 

-1 

-9 

[-5] 

[-451 

-2 

0 

form  -  s’ 

!0] 

one  root  with  positive  real 

-  9—  -  2s 

part,  one  pair  of  complex,  conjugate  roots. 


LINEAR  SYSTEMS 


671 


An  alternate  form  is  Routli’s  Test  II: 

Form  the  array: 

a  i  aa  0  0  0 

a.,  a2  a,  0  0 

05  ^4  Q;{  <?2  (Z| 


For  stability,  all  determinants  formed  by  the  elements  in  the  upper  left  comer  must 
have  the  same  sign,  i.e., 


3| 

Go 

0 

0.1 

a2 

Qi 

as 

a4 

Oj 

Steady-State  Behavior  c,U).  The  system  equation  can  be  written  as 


c(t)  =  r(t ) 


2  a>p 1 

i  -  0 _ 

m 

—pH ^  bmpm 


Form  the  power  series 


Example 


c<0  =  rta  [p-'  (i-57r^p -•■•)] 


c(t)  = - —  r(<)  =  (1  -  rp+  r*p*  —  .  .  ,)r(f) 

rp  +  1 


if  r(t )  =  5^),  c,U)  =  0 
if  r{t)  =  Ah(t),  c,(t )  —  A 
if  r(t)  =  ait,  c ,(t)  —  tot  —  Tto 

Alternately  for  r(i)  =  Ah(t),  set  all  derivatives  in  the  characteristic  equation  to  zero. 
Example 

(pt  +  4d  +  253)c(f)  =  r(t)(p 3  +  32) 

,  ,  324 

c-<0"253 

Transient  Behavior  cAt).  Assume  a  solution  of  the  characteristic  equation 


cAi)  ~  2  C*'1 

i  1 


where  the  X,  are  the  eigenvalues  of  the  characteristic  equation  and  the  Ct  are  deter¬ 
mined  from  the  initial  conditions. 


I 
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For  many  systems  the  performance  is  dominated  by  two  complex  poles  vno  zeros), 
such  that 

G(s)  ■»  (S*  +  2{0>bS  +  (D,,)_l 
Then  the  system  has  the  following  characteristics: 

(a)  £  is  the  damping  factor 

( b )  is  the  undamped  natural  frequency 

(c)  <0,(1  —  =  (ltd ,  the  damped  frequency 

(d)  t  *o  peak  tp  —  rr/w* 

(e)  ft  '  time  (to  ±2 %)t,  =  4/£cd„ 

if)  o  ot  =  exp  (-£w«tp) 

(g)  rise  time  (10  to  90%)<r  =  2.2/0, 

(h)  logarithmic  decrement  £ 

8  =  1/nln  xo tx,T  =  27rn£/(l  -  £*)»'* 

where  .r0  is  the  amplitude  of  the  first  overshoot  (measured  from  the  final  value)  and 
xht  is  the  amplitude  of  the  signal  after  n  cycles  of  oscillation.  £  is  the  damping  ratio 
of  a  seccr.d-t  rder  system.  This  is  a  valid  measure  only  for  lightly  damped  systems 
(£<0.1). 

17.1.3.2.  Weighting  Function  Method 

Representation  of  the  System.  The  weighting  function  git)  is  the  output  obtained 
when  a  unit  impulse  is  applied  to  the  input.  Step  inputs,  ramp  inputs,  etc.,  can  be 
used  if  the  output  is  differentiated  (once  for  step  inputs,  twice  for  ramp  inputs,  etc.). 

Absolute  Stability  Analysis.  The  James- Weiss  stability  criterion  [1]  states  that 
for  absolute  stability 

f  |g(r)|  dr  <  00 
Jo 

Time  Behavior  from  Weighting  Function.  Determine  the  output  of  the  system 
either  graphically  or  analytically  by  using 

c(t)  =  [  e(t)  g(t  -  t)  dr 
Jo 

This  method  is  not  &3  useful  for  determining  damping  factors,  frequency  respo.ise, 
etc.;  but  it  does  give  c(f)  directly. 

17  1  3.3.  Nyquist  Method  [6] 

Representation  of  the  System.  Write  the  open-loop  transfer  function  as 

KGks)  =  KAisMBis) 

On  Fig.  17-10  locate  all  poles  and  zeros  (singular  points)  on  the  s-plane  which  lie  on 
the  jut  axis.  Select  n  clockwise  contour  enclosing  all  poles  and  zeros  in  the  right-half 
plane  (a  semicircle  at  infinity  is  chosen).  This  contour  should  bypass  each  pole  and 
zero  on  the  jot  axis  by  a  small  counter-clockwise  semicircle. 

Evaluate  KGijto)  =  |A'Cx(yoo){  for  enough  values  of  w  that  KGijot)  can  be  plotted 
as  a  function  of  <f»  (the  Nyquist  or  polar  plot  in  the  KG  p'ane).  The  plot  is  symmetrical 
around  the  real  axis.  As  ut  travels  around  the  semicircle  enclosing  the  singular  points 
on  the  jot  axis,  the  Nyquist  plot  contour  moves  through  an  angle  of  approximately 
±180n“  At  very  large  radius,  in  =  order  of  singularity;  +  for  poles,  —  for  zeros.)  Often, 
G(jut)  is  plotted  instead  of  KGijot)  (G-plans  Nyquist  plot)  (see  Fig.  17-11). 
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Imi^Jiary 


G(s)  8(0  +  3)(s>  +  4)' 


Imaginary 


Beal 


Git!  = 


_ 1 _ 

t',8  4-  3)us  r  4) 
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Absolute  Stability  Analysis.  First,  determine  the  number  of  clockwise  encircle¬ 
ments  ( N )  of  the  critical  point. 

(а)  In  the  KG  piane,  the  open-loop  critical  point  is  the  origin. 

(б)  In  the  KG  plane,  the  cloaed-loop  critical  point  is  —1,  eince 


GAS ) 


KG(s) 

1  -I-  KC(s) 


( c )  In  the  G  plane,  the  closed-loop  critical  point  is  —  1  IK 


Encirclement  can  be  determined  by  tracing  around  the  KG  (or  G)  contour  in  a  clock¬ 
wise  direction;  if  the  critical  point  is  on  the  right,  it  is  inside  the  contour,  hence  encircled. 
Next,  determine  the  number  of  poles  in  the  right- half  plane  (zeros  of  B(s)).  Then 

Z  =  P-N 


where  P  =  the  number  of  right-half- plane  poles  circled  by  the  s-plane 
N  —  the  number  of  encirclements  of  critical  points 
Z  =  the  number  of  right-half-plane  zeros  in  the  system 

Steady-State  Beh/vior.  The  steady-state  behavior  is  determined  by  the  manner 
in  which  the  G  or  KG  contour  behaves  as  to— >0. 

(а)  If  lim  G  =  closed  plot,  the  system  had  displacement  error 

«  —  0 

(б)  If  lim  G  =  —jo o,  the  system  has  velocity  error 

m  -•  0 

(c)  If  lim  G  =  —<»,  the  system  has  acceleration  error 

w-0 

(d)  If  lim  G  =  +j<*>,  the  system  has  rate-of-acceleration  error 

w  —  0 

(e)  Lower-order  errors  are  0  (see  also  Sec.  17.1.4). 


Transient  Behavior.  M  circles  (see  Fig.  17-12)  are  the  locus  of  constant  ratio  of 
open-loop  to  closed-loop  magnitude.  The  cooidi nates  of  the  center  are 


-1  MJ 
K  M*  -  1 


v  =  0 


The  radius  is  given  by 


1  M 
KM1-! 


(а)  A/p  is  the  peak  amplitude  of  the  closed-loop  response,  and  Gr(s)  ;s  given  by  the 
M  circle  tangent  to  the  contour  (Fig.  17-13). 

(б)  oip,  the  frequency  of  resonance,  is  the  frequency  cn  the  contour  at  the  point  of 
tangency  with  the  Mp  circle  (Fig.  17-13). 

(c)  The  magnitude  of  gain  at  any  point  of  the  contour,  un,  is  determined  by  first 
drawing  an  M  circle  through  the  point  of  interest.  Then  a  i//  line  is  drawn 
through  the  origin  tangent  to  the  M  circle.  If  <1/  is  the  angle  made  by  the  1 1> 
line  and  the  negative  real  axis,  then  (see  Fig.  17-13) 

1/M  —  sin  ifi 

(d)  The  gain  constant  K  corresponding  to  any  point  of  the  contour  is  determined  by 
a  line  perpendiculai  to  the  real  axif  and  passing  through  the  point  of  tangency 
of  the  M  circle  and  the  $  line  (see  Fig.  17-13). 

(e)  Frequencies  for  which  the  locus  is  to  the  right  of  the  line  M  =  1  (circle  of  infinite 
redius)  are  attenuated. 
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Fig.  17-12.  Af-tircle  loci  for  polar  (Nyquist)  plots. 


The  best  transient  response  (best  because  the  transfer  function  exhibits  the  least 
peaking  is  given  by  the  K  value  derived  from  \(imaT  (the  largest  which  is  still  tangent 
‘o  the  locus). 

Since  the  distance  and  angle  Irom  the  origin  to  the  locus  give  G(jw)  while  that 
from  the  critical  point -UK  gives  +1/K  +  G(jw )  (Fig.  17-14),  the  total  system  response 
GAju)  is  >ven  by 


Ge{s) 


KG(s) 

1  +  KG(  s) 


hence  the  ratio  of  the  two  distances  gives  the  magnitude  of  GAs),  anc'  the  difference 
between  the  angles  gives  the  phase  shift. 

The  phase  margin  is  given  by  the  angle  formed  by  the  vector  of  length  1  IK  which 
intersects  the  G  contour,  and  the  negative  real  axis.  N  circles  (Fig.  17-15)  ar*  circles 
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Fig.  17-16.  V-circle  loci  for  polar  (Nyquist)  plots. 


of  constant  phase  difference  between  input  and  output  signals;  they  are  characterized 
by  a  center 

x  =  —1/2,  y  =  H-l/2AT 
N  =  tan!#,,  -  6, ) 

where  dB  is  the  open-loop  phase  shift 
0r  is  the  closed-loop  phase  shift 
The  radius  of  the  N  circles  is  given  by 


At  the  frequency'  at  which  a  locus  crosses  an  N  circle,  the  difference  between  input 
and  output  phase  is  given  by  the  value  of  tan  ~ 1  N. 

17.1.3.4.  Inverse  Nyquist  Method.  When  components  His)  are  found  in  the  feed¬ 
back  loop  such  that 


GAs) 


KGis) 

1  4-  KGlsWis) 
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it  is  convenient  to  consider 
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[G,(s)l  1 


1 

KG(s) 


+  AF(s)H(s ) 


The  sum  can  be  performed  graphically  by  vector  summation  at  each  w.  M~x  circles 
are  concentric  about  —  1  IK\  other  characteristics  cam  over  from  the  N;  quist  method 
in  a  similar  manner. 


17.1.3.5.  Bode  Method  ( log  Magnitude  and  Phase:  vs  log  Frequency). 

Representation  o t  the  System.  Write  the  transfer  function  in  terms  of  basic 
forms,  i.e., 


G(s ) 


_ K(tiS  4-  1)  (ns  +!)... _ 

8n(t„8  +  1)  (ns  4  1 )  (s*  4-  2£w»s  4-  &>„*)  .  .  . 


Next,  construct  a  straight-line  approximation  to  the  Bode  diagram  by  summing  these 
basic  components  (Fig.  17-16  and  17-17).  The  diagram  can  be  corrected  by  applying 
the  curves  of  Fig.  17-18  and  17-19.  An  example  is  shown  in  Fig.  17-20.  If  the  system 
is  non-minimum  phase,  the  phase  portre.it  will  be  modified  as  shown  in  Fig.  17-186. 


Fig.  17-16.  Straight-line  approximations  to  basic  forms 
for  Bode  plot,  |G( ! . 
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Fig.  17-20.  Example  of  Bode  plot  for 


G(«)  = 


167U  +  60) 
8(8  +  10) 


(a)  Amplitude  of  G{jm).  (h)  Phase  of  G<  jw). 


Absolute  Stability  Analysis.  If  the  system  gain  is  above  unity  (0  db)  when  the 
phase  an  jle  exceeds  18C',  the  system  is  unstable. 

Steady-State  Behavior.  The  steady-state  behavior  iB  determined  by  the  slope  of 
the  diagrem: 

(a)  If  lim  |G|  —  0  slope,  the  Bystem  has  displacement  error 

M  -•  0 

( b )  If  lim  |  G !  =  —6  db/octave  slope,  the  Bystem  has  velocity  error 
*  -*0 

(c)  If  lim  |G|  =  —12  db/octave  slope,  the  system  has  acceleration  error 
*  «  0 

See  Sec.  17.1.4. 

Transient  Behavior.  In  general,  the  greater  the  phase  margin,  the  smaller  the 
transient  (see  Fig.  17  21).  A  totally  equalized  Bystem  iB  3table  for  all  gain  with  a  slope 
J  —6  db/octave  and  a  phase  shift  of  —90°  for  0  <  m  <  0*;  the  response  is  almost  purely 
exponential.  A  partially  equalized  system  is  stable  for  some  gains,  i.e.,  the  slope  is 
-6  db/octave  for  oj  neer  in  this  case,  the  response  is  somewhat  oed’'' story.  Some¬ 
times  a  system  is  refeiTea  to  by  the  slopes  of  the  approximate  response,  e.g.,  12-6-12. 


PHASE  ANGLE  20  to*  *G<J«JI 


682  CONTROL  SY8TEM« 


Fig.  17-21.  Example  of  Bode  plot  for  G(s)  =  iq*)  8^0W’nK  P^a8e  0n^  gain  margins. 


17.1.3.6.  Log  Modulus  Method  ( log  Magnitude  vs  Phase) 

Representation  cr  the  System.  Write  the  transfer  function  as 

KG(s)  =  ~^=\G{s)\  /  <*>(«) 
n(  s)  ‘ - 

Plot  20  log  |  G(s>|  vs  <t>(s)\  the  total  system  plot  is  the  sum  of  the  angle  and  magnitude 
curves  lor  the  system  components  (Fig.  17-22). 

Absolute  Stability  Analysis.  If  the  system  response  diagram  intercepts  the 
±180°  axis  above  0  db,  the  system  is  unstable. 

Steady-State  Behavior.  Steady-state  behavior  is  determined  by  the  way  the  con¬ 
tour  behaves  as  cu  — ►  0.  See  Sec.  17.1.4. 

(а)  If  0°,  the  system  has  displacement  error 

in  -*  0 

(б)  If  <£— ►  —90°,  the  system  has  velocity  error 

w  -  0 

(c)  If  <t>~*  -180°,  the  system  has  acceleration  error 

M  -  0 

Transient  Behavior.  M  and  N  contours  (Nichols  chart)  (Fig.  17-23)  can  be  uoed  as 
in  the  Nyquist  method;  the  phase  margin  is  indicated  as  the  contour  intercept  with  the 
0-db  axis,  and  the  gain  margin  is  indicated  as  the  contour  intercept  with  the  180°  pxis. 
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Phase 

,  Margin  PHASE  MARGIN 

0  20  40  60  80  100  120  140  160  180 


Fig.  17-22.  Example  of  log  modulus  plot  for 


G(s)  = 


63.1(g  +  10) 
s*(s3  +  100s  +  100 


17.1.3.7.  Hoot  Locus  Method 

Representation  of  the  System.  A  root-locus  plot  shows  the  locus  of  closed-loop 
poles  as  the  open-loop  gain  is  changed.  Consider  the  transfer  function  of  the  open-loop 
system  G(s)  =  p{s)/q(s).  The  zeros  of  qis)  (i.e.,  poles  of  G(s))are  marked  on  a  diagram 
as  x ’s,  the  zeros  of  pi  s)  as  o’ s.  The  rules  for  construction  are  as  follows: 

(а)  The  loci  start  at  poles. 

(б)  The  loci  terminate  at  zeros. 

(c)  The  number  of  loci  is  the  number  of  poles  or  zeros  of  G(s). 

(d)  If  the  coefficients  of  p  and  q  are  i-oal,  complex  parts  of  the  loci  appear  in  con¬ 
jugate  pairs. 

(e)  The  loci  approach  *  along  asymptote  lines  at  ±  1807 n,  ±  5407 n,  ±  9007 n, 
etc.,  where  n  is  determined  by  letting  s  get  very  large  so  that  only  the  highest- 
order  terms  of  p  and  q  remain  of  importance,  'then 


G(s)  *«  KIs' 
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PHASE  ANGLE  OF  C(M 

Fie.  17-23  Af  and  N  contours  on  log  modulus  plot  (Nichols  chart). 


(/■)  The  pcint  at  which  theae  asymptote  lines  meet  is  determined  by  writing 


G(s)  =  K 


tm  4  aig»-«  4.  a:5» 


+  bi3m*a~l  am  +  n 


Then 


b  1  —  a  1 

4i  — 


or 


_  X  poles  —  I  zeros _ 

1  (number  of  finite  poles)  —  (number  of  finite  zeros) 

( g )  Real-axis  loci:  Those  portions  of:  the  real  axis  to  the  left  ot  an  odd  number  of 
critic"!  trequendui  (polos  +  zeros)  are  part  of  the  irocf  lod. 

( h )  Imaginary  axis  intersections:  Apply  the  Routh  ieU  to  o(s)  q{s)  (nee  Sec. 
17.1.3.1) 


(i)  Angles  of  departure  and  arrival:  At  any  point  on  the  locus  the  sum  of  angles 
of  vectors  from  poles  must  ’~c  ?80°  4-  3CG r.'.  The  angle  jJf  departure  cun  be 
chosen  to  satisfy  this  reqvi!reme,'t 

0?  The  po:nt-a  ai  «mich  loci  leave  the  res-.i  Gxis:  Choose  a  point  s,  just  off  the  mit 
(*).  The  trane'tion  from  —a  to  st  i  iu  vielcl  no  ntt  change  of  angles  from  po  et* 
und  zftr os  {0  <■  (h  4  $3  —  0).  Ren1  :e  vigles  by  their  tangents  and  solve  for  a. 
If  s  1  is  above  the  rer.l  axis,  <y>.  'Ugeto  Cvcrolex  roots  will  ca.^e  a  net  decrease 
in  angle  equal  to 


2«y/(0*  +  y») 


s 
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where  y  is  the  distance  along  the  reai  axis  from  the  complex  poles  ( to  the  right 
of  —a)  to  —a 

fi  is  the  distance  of  the  complex  root  from  the  real  axis 

(k)  Sum  of  loci:  If  pis)  +  q(s)  is  of  degree  r  and  the  coefficient  of  s'  is  1,  the  coeffi¬ 
cient  of  s"~*  is  the  negative  of  the  sum  of  the  zeros. 

(/)  Product  of  loci:  If  pis)lqis)  contains  a  pole  at  the  origin,  the  constant  >“rm  of 
pis)  4-  qis)  is  directly  proportional  to  K.  Choose  a  point  z  on  the  locus.  The 
gain  at  z  is  given  by  the  value  of  K  which  makes  (p(s)  +  qis)^l(s  +  z)  =  0.  K  at 
any  point  can  also  be  determined  by  multiplying  the  lengths  of  the  vectors  from 
the  open-loop  poles  and  zeros. 

Ajjjolutk  Stability  Analysis.  The  system  becomes  unstable  for  values  of  K  such 
that  the  roots  are  in  the  right- half  plane. 

Steady-State  Behavior.  To  determine  steady-state  behavior,  determine  the  num¬ 
ber  of  poles  at  the  origin  of  the  •  jvm-loop  system.  (See  also  Sec.  17. 1 .4.)  If  the  number 
of  poles  is 

(a)  0,  the  s'-otem  has  displac  jment  error 

it'  1,  the  s’niem  has  velocity  error 

(c)  2,  the  system  has  acceleration  error 

Transient  Behavior.  The  contribution  of  a  pole  to  system  behavior  is  Ae(,*+J“u. 
The  more  negative  cr,  the  less  the  contribution  compared  with  roots  closer  to  the  jw  axis. 

The  frequency  response  function  c  hi  be  found  as  follows: 

'a)  Cheese  an  w  on  the  jw  axis 

(b)  Let  f?(s)  =  KK.lijw  —  r,)(jw  —  r*)  •  •  •  where  jw  —  n  is  the  distance  from  the 
chosen  jw  to  the  ttb  root  (for  a  given  K). 

(c)  Graphical  procedure*  <«*v  found  in  [2]. 

The  time  response  can  be  found  directly  as  follows: 

Or)  Write  the  open-looy  transfer  function  as 

i(Qi  \  =  jflglf  +  +  bt)  •  ■  ■ 

«r(ci8  4-  di)(cis  4-  d2)  •  •  • 


_  Kk.is  4-  4-  1/tj)  •  •  • 

smis  4-  1/t0)(s  4  1/t*)  •  •  • 

where 


K.  «  K lKiKi 


TiTiTj  •  •  • 
ToT»Tr  •  •  • 


( b )  Take  the  inverse  Laplace  tram..",  m  of 

«.>- _ gjg<»>- 

(s  -  r.)(<  -  r.)  •  •  • 

where  n  is  tlie  location  of  the  tth  root  in  the  closed-loop  system. 

(c)  Graphical  procedures  are  found  in  [2]. 

17.L4.  System  Types  and  Performance 

17.1.4.1.  Introduction.  Consider  the  systom  presented  earlier  in  Fig.  17-17,  where 


C(e) 

KGit)  —  — — ,  the  open-loop  transfer  function 


I 
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r  i  -C(8) 

Gf(s)  "iFuT 


ffG(s) 

1  +  KG{s) ' 


the  closed-loop  transfer  function 


Els) 

R{s) 


1 


the  error  respoC^j  function 


1  +  KG(aY 

A  system  is  charade  dzed  by  the  open-loop  transfer  function  as: 

C(s)  K(8T ,  +  1)(ST2  +  !)••• 


KG(  s) 


£{a)  8N(8Ta  +  1)(st6  -f  1) 


The  system  is  classified 

(а)  Type  0  if  N  =  0 

(б)  Type  1  if  Ar  =  1 
(c)  Type  2  if  N  --  2 

If  a  Bode  plot  is  made  for  C(s )  for  a  given  R(s),  the  plot  may  be  considered  an  approxi¬ 
mation  to  an  inveree  time  plot,  i/j.,  t  «  i/V. 

Erroi  coefficients  are  defined  classically  i  follows: 

(а)  Position  error  coeffident:  =  lim  G(s) 

«  —  9 

(б)  Velocity  error  coeffident:  Kr  iim  sG's) 

« —  n 

(c)  Acceleration  error  coeffident:  K„  —  lim  s*G(s) 

*  -  0 

Error  coefficients  can  also  be  found  from 


Els)  =  1  = _ 1 _  8  _sf 

R(s)  1  +  KG(s)  ~l+Kp  Kc+ Ka 

Steady-state  errors  can  be  found  for  various  inputs,  since 

(а)  \i  r(t)  =  hit),  e„  =  (1  +  Kp)~l 

(б)  if  r(t)  =  t,  e„  -  (Kr)~l 
(c)  if  r(t)  =  tl,  e,;  =  (Aa)'1 

This  is  vseful  only  for  systems  for  which  the  pxjl.es  of  G(s)  are  in  the  left-half  s-plane. 

17.1,4,2.  Type  0  System  ( Simple  Speed  Contwllers,  Feedback  Amplifiers).  The 
open-loop  transfer  fundion  of  a  Type  0  system  is  given  »  y  (see  Fig.  17-24a ) 


The  closed-loop  transfer  function  of  a  Type  0  system  is  given  by 


Gr(  8)  -  - — - *  — - 

rs(l+Kp)  1  +KP 

if  r  <  <  (1  +  Kp). 

The  error  (see  Fig.  17-246)  in  given  by 


( 


(b> 

Fig.  17-24.  Type  0  system  BMe  plot. 

(c'  Open  loop.  (6)  Closed  loop. 

The  response  of  the  Type  0  system  to  a  step  input  is  described  by  the  following  equa¬ 
tions  (see  Fig.  17-25). 

A 

r(t)  -  Ah(l)  R(s)=  — 


C(s) « 

I* 

* 

■o 

c(t)  * 

Kp 

8(1  +  K  p) 

1  +  KP 

E(8)  « 

A 

eit)  = 

A 

s(  1  +  Kp ) 

(1  -.Kp) 

A  Type  0  system  develops  a  displacement  error  in  response  to  a  displacement  input. 
The  response  of  the  Type  0  system  to  ramp  input  is  described  by  the  following  equa¬ 
tions  (see  Fig.  17-26). 


r‘l)  —  uni 


C Oi 


C(«) 


K  p  ft*) 

\ 7Tkp  «- 


CU)  = 


K  p(Oit 

TTY,. 
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A  V 

A" 

p 


-A_  A 
K  *  1 


Hi) 

e(t) 


Hi) 


t 


Fig.  17-2  j.  Response  of  Type  0  system 
to  step  input 


Fig  17-26.  Response  of  Typo  0 
system  to  ramp  input. 


Fig.  17-27.  Response  of  Type  0 
system  to  parabolic  input. 


£(«) 


1  o >1 


1  +  Kp  8* 


pl.t)  = 


(I)  it 

1  +  K, 


A  Type  0  system  develop*  a  velocity  error  in  response  to  velocity  input. 

The  response  of  the  Type  0  system  to  parebolic  input  is  described  by  the  following 
equations  (see  Flfe  17-27). 


r(f)  = 

Oft*  c(f> 

_  a< 

s> 

A' m  \  — 

K,  a, 

cU)  = 

Kpdt * 

O  \  S  / 

1  +  Kp  3* 

2(1  +  Kp) 

Eis)  = 

1  a 

e(t)  = 

at * 

1  +  K,  ;■> 

2(1  +  K,) 

A  Type  0  system  develops  m  acceleration  error  in  response  to  an  acceleration  input. 

17.L4.3.  Type  1  System  ( Classical  Motor-Driven  Loops).  The  open-loop  transfer 
function  of  a  Type  1  system  is  givun  b. 

C(8)  _ K r_ 

L(s)  «(1  +  tws) 

or,  if  rm  <  <  1  (see  Fig.  1 7-?8a), 

c(«)  Kt 
E(s)  "*  « 
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i 


Fin.  17-28.  Type  1  system  Bode  plot,  (a)  Open  loop. 
(6)  Closed  loop,  (c)  Error  response. 


The  cloeed-loop  transfer  function  of  £  Typ*  1  system  is  given  by  (3ee  Fig.  17-286) 

C(s)  Kc 
R(8 )  Kc+  8 

The  error  function  is  given  by  (see  Fig.  17-28o 

Bis)  =  8  _  illK')8 

Ri9)  Kc  +  8  1  +  ( 8lKr ) 

The  response  of  a  Type  1  system  step  input  is  given  by  (see  Fig.  17-29) 


r(t)=Ahit)  Ri  s)--j 


C(8) 


all  +  slKc] 


cit)  =  A(1  -  ?-'t') 


Eis)  =  — 


1  !RtA 


(1  +  alhr) 


eit)  **  Ae~Kt 


A  Type  1  system  does  not  develop  an  error  in  response  to  a  displacement  input. 


I 
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K^, 


M 

2  _L 

2  Kv 
co 
U 
X 


^  db/ octave 
\\R(s) 


Sr  12  db/o^tave 


je(t) 


Fig.  17  29.  Response  of  Type  1  system  to  step  input. 


The  response  of  a  Type  1  system  to  ramp  input  is  given  by  (see  Fig.  17-30) 

( i)i 

r(t)  =  Ujt  R{s)  =  — 

8* 


(j)  (jji 

C\,s )  =■ -  c(f)  =  of - (1  —  e~Kv‘) 

sm  +  (s/Ar)J  Kr 


E(S)  = 


(OlIKr 

s(l  -f  s/Kr) 


e(  t)  =  —  (1  -  e  Kv') 

Kr 


\-i2  db/ocUve 


\E(s) 
(!b/oct ave 


\Ft(s)  iOJ  w 
\-18  db/ocUve 


Fig.  17-30.  Response  of  Type  1  system  to  ramp  input. 
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A  Type  1  system  develops  a  displacement  error  a»ilKv  in  response  to  a  ramp  input  a»t. 
The  response  of  a  Type  1  system  to  parabolic  input  is  gi  ven  by  (see  Fig.  17-31) 


Fig.  17-31.  Response  of  Type  1  system  to  parabolic  input. 
A  Type  1  system  develops  a  ramp  error 


in  response  to  a  parabolic  input. 

biotas  on  Behavior  of  Ty  ne  1  System 

(а)  The  responue  is  identical  to  the  simpie  RC  network. 

(б)  The  time  consta.it  is  1  IKr. 

(c )  The  open-loop  gai.i  iu  unity  at  <oe  =  Kr;  the  loop  is  often  referred  to  as  closed  to  u»e. 

( d )  To  the  first  order,  letting  t  «=  l/tu  (increasing  time  implies  decreasing  &>).  at 
t  =  1/KrUo  -■  Kr),  c(<)  merges  Bmoothly  with  r<f). 

(e)  The  system  jjain  at  -  =  1/to  is  of  the  order  of  the  frequency-response  gain,  and  the 
eror  input  iiigral  is  reduced  by  this  gain  at  this  time. 

if)  T»  e  straight -line  approximation  to  the  system  error  shows  that  as  time  proceeds 
toward  t  »  1  =  the  error  is  r{t)  until  t  =  1/K,(ut  *  Kv)\  i.e.  the  system  has  not 

responded  i.ntil  thiB  t.vne. 


f 


I 
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(g)  Note  that  c(t)  —KvAe  ':*t  =  Kve{t);  i.e.,  in  a  Type  1  system  the  output  rate  is 
proportional  to  the  error 

( h )  The  Type  1  system  has  an  open-loop  gain  of  Kt  at  o»  -  J ,  anc  a  gain  of  unity 
at  ui~  Kv. 

( i )  A  Type  1  system  reduces  the  resultant  error  by  one  order  of  t;  i.e..  no  error  for 
displacement  input;  a  displacement  error  for  velocity  input,  l  x  a  velocity  error 
for  parabolic  input. 

17.1.4.4.  Tyf  e  2  System  ( Many  Tracking  Loops,  Gearless  Torqued  Loops).  The  open- 
loop  transfer  function  of  a  Type  2  system  is  given  by  (see  Fig.  17-32a) 

C(s)  +rs) 


Fig.  17-32.  Type  9  system  Bod<*  plot  (a)  Open  loop. 
( b )  Closed  loop.  ,c)  Error  response. 


i 


\ 
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The  closed-loop  transfer  function  of  »  Type  2  system  •*»  given  by  (see  Fig. 

C(s)  =  /fa(l  +  ts) 

H(s)  S  +  /faT8  +  Ka 

and  (see  Fig.  17-32c) 

F(s)  _  _  8* 

R(s)  8*  +  KaT8  +  A  O 

The  response  of  a  Type  2  system  to  step  input  is  given  by  (see  Fig.  17-33) 


—K  r 

c<*>  =  A  1  -  Ne  — -  c 
z 


r(t)  =  A  /?(«)= ; 


C(s)  = 


A/f,(l  4-  rs) 
s($*  +  /faTS  +  /fa) 


where 


N  = 


0  = 


£(«)  = 


1 

sin  (0t  +  </<) 

N-¥)] 

As 

8*  +  KaT8  +  /fa 


[(/far)*  -  4/fa)  >  0 
[(/f«r)*  -  4 /fa)  <  0 

il* 

(frequency  of  oscillation) 
e(t)  =  AM  e~xaT,li 
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17-326) 


Fig.  17-33  Response  of  Type  2  system  to  step  input 


I 
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The  response  of  a  "'ype  'i  system  to  ramp  input  is  given  by  (sec  Fig.  17-34) 


r(t)  —  ant  R(s)  —  — 

a* 


C(8)  - 

4-  rs) 

c(t)  ~ 

S*(S*  +  KaT8  +  Ka) 

f(s'l  — 

0)1 

e(t)  = 

8*  +  KaT8  4  K„ 

Nuj  c-Ks‘i* 


t 


Fio.  17-34.  Response  of  Type  2  gysten1  to  ramp  input. 


A  Type  2  system  develops  no  steady-state  error  in  recponso  to  a  ramp  input 
The  response  of  a  Type  2  system  to  parabolic  input  is  given  v  (see  Fig.  17-St>) 


r(f)  =  at*  1 2  fl(a)  =  4 

_ uXa(l  +  Tg) 

#  *  «A»*  +  Kara  +  K„) 

a 

s(s*  +  Kars  +  Km) 


dait)  =  "  at*  -  ~  tl  -  N  e- V'/*) 
2  Km 

e(t)  -~(1 
f*  a 


! 
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Fig.  17-35.  Response  of  Type  2  system  to  parabolic  input. 

A  Type  2  system  develops  a  displacement  error  a/K„  n  response  to  an  acceleration 
(parabolic)  input. 

Notes  on  the  Behavior  of  a  Type  2  System 

If  [(A^r)*  —  4Ka]  <  0,  the  response  is  a  sharp  oscillatory  rise  with  overshoot.  The 
transient  decays  with  a  time  constant  of  1/2  ov  where  wf  b  the  crossover  frequency. 
The  initial  response  of  this  system  is  foster  than  that  of  a  Type  1  system  < .  the  some 
closed-ioop  frequency  (see  Sec.  17.1.4.3),  bet  the  transient  decay  time  is  longer.  Again, 
the  time  domain  performance  can  be  crudely  approximated  from  the  plcc  (f  -  l/o>). 

17-2.  Sampled-Data  Systems  [3] 

1 7.2.1.  Buie  Definition* 

1  J.1.L  Sampling.  The  sampler  modulates  a  series  of  periodic  narrow  prises  with 
the  incoming,  continuous  signal.  It  is  aisumed,  ir.  general,  that  the  pulses  have  zero 
width.  The«e  can  be  represented  as  8(t  —  nT),  for  which  the  Laplace  transform  is 
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where  T  is  the  sampling  period.  If  the  input  to  the  sampler  is  r.  i),  the  output  is 


r*(t)  =  2  r(nT)8(t  -  nT) 

The  transform  relationships  between  the  l nput  and  output  can  be  written  two  ways’ 

m 

R*(s)  =  ^  r(ni,)e_"T* 


/?*v3)  =  -^  ]£  R(a  +  jnw,)  (i>j~\!T 

R-  x 

The  first  equation  is  moot  useful  in  analysis:  the  second  indicates  the  modulation  char¬ 
acteristic,  i.e.,  a  series  of  carriers  at  not,,  each  modulated  by  Hi).  The  frequencies 
around  nwt  are  called  complementc  ~v  signals  or  sidebands. 

Two  important  sampling  theorems  are: 

(cl  If  the  sampling  rate  is  at  least  twice  vho  highest  frequency  component,  &  signal 
can  be  transmitted  without  loss  of  information. 

(6)  The  mean  square  value  of  the  samples  f*(kT)  is  equal  to  the  mean  square  value 
of  the  signal  /'*(<).  Ho'”ever.  this  is  true  only  if  the  signal  contains  neither  any  fre¬ 
quences  nut ,12  nor  components  such  that 

1  toi  ±  <uj|  =  mo, 

17.2.1.2.  Types  Gf  Sampled  Systems.  Two  types  uf  sampled  Bystems  are  as  follows: 

(а)  Error  sampled:  The  sampler  follows  immediately  after  the  error-sensing  device. 

(б)  Nonerror  sampled:  This  system  can  usually  be  reduced  to  an  erro-  sampled  system 
by  applying  rules  of  Sac.  17  2.2. 

17.2.1.3.  Clamping  or  Holdi  ng 

Introduction.  In  general,  clamping  or  holding  circuits  act  as  phase-lag  circuits; 
the  higher-order  the  ho.c,  the  mors  lag.  They  are  ’.;sed  to  remove  complementary 
frequencies  caused  by  the  sampling  process,  convert  the  samples  into  approximately 
continuous  form,  supply  energy  for  the  actuation  of  the  output  device,  and  provide 
a  finite  drive  for  the  continuous  portion  of  the  system. 

Tykis  of  Holding  Circuits 

Zero-Order  or  l  'u  tcar 

This  circui'  hc'ds  the  measured  value  for  part  or  all  of  the  period  between  pulses: 


c.(t)  =  c(r.T) 

A  full  clamp  holds  the  signal  value  until  the  next  sample  pu’sa.  This  produces  loss 
distortion  but  delays  the  signal  by  77 2.  The  transfer  function  is  given  by 

=  (1  -  e~T,)la 

First-Order 

This  circuit  approximates  the  signal  between  pulses  as  a  first-order  polynomial: 

cH(t)  -  c(nT)  +  c’{nT){t  -  nT) 
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i.e.,  the  slope  is  based  on  previously  measured  values,  hence  little  error  is  generated 
for  constant  slope  input.  The  necessity  of  obtaining  an  estimate  of  the  slope  causes 
an  additional  delay.  The  transfer  function  of  this  holding  circuit  is 


Ath  Order 

The  general  /ith -order  holding  circuit  apnroximates  the  sigrtl  between  pulses  by 
a  Ath  order  polynomial- 

c„(f)  =  c(nT)  c'(nT)(t  -  nT)  +  •  •  • 
c k(nT)(t  -  nT)k 

The  resuit  o:  such  approximation  is  more  effective  smoothing,  but  a  greater  delay  is 
encountered.  This  system  is  usually  detrimental  to  stability,  as  wt  ’  as  complex 
and  expensive. 

17.2.1.4.  flighting  Sequence  g,(t).  Output  of  a  sampled-data  c  2*em  for  unit  im¬ 
pulse  input  (at  t  =  07*) 

gn(t)  =  g(nl)  =  gV)\,.nT 


Note  that£*(r)  •-  gn't)&{t  -  nT) 
«-0 


17.2.1.5.  Equivalent  Continuous  Data  Functions  [3], 
alent  continuous  data  functions. 

Table  17-1  gives  some  equiv 

Tabu  17-1. 

Equivalent  Continuous  Data  Functions  [3] 

Continuous-Data  System 

PuUed-Datu  System 

1. 

Input  and  output 

6(1) 

yit)  -  uH.t) 

y.  ••  ■>. 

u(t) 

yit)  “  J  wi?)  dr 

te 

y ■ "  I. 

xit) 

y(t)  “  J  wirixit  -  t)  dr 

• 

v-  ■  J  w*  Xu-k 
*-• 

i < 

yU)  •*  J  xiT)w(<  —  r)  dr 

a 

y.  “  J)  x»  w.-» 

»-* 

2. 

Frequency 

functions 

Yijm)  •  Aim)  +  jPiu) 

y*(.j«)  -  .!*(»)  ’jB''m) 

w 

Aim)  —  J  yit)  coe  mt  dt 

A*(«i)  —  y(nT)  ooe  nTw 

a-# 

r 

Biu)  -  -  j  yit)  fin  wt  dt 

w 

~  —  J  y(nD  «in  a"" » 

a-t 

3. 

Time 

function* 

1  f* 

y(t)“  — J  AMcatvd* 

yinT)  -  —  1  A*(S)  toe  n#t<S 

2  f* 

yinY)  —  -  —  J  B'ifi)  sin  nt  dS 

4 

Stability 

condition 

J  |uKf)|  dt  <  «• 

j  |U'.|  <  « 

»•! 

5 

Deem  bed  by 

Differential  equet  oo 

Diffiereooe  equation* 
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17.2.1.6.  z-Tranaforma.  The  system  considered  is  shown  in  Fig.  17-36.  z -trans¬ 
forms  permit  the  relationship  between  R(i)  and  C(s)  to  be  written  as 


R(z) 

C(z) 


=  G(z) 


where  z  =  eT‘  and  G(z )  is  the  pulse!  transfer  function  or  z- transfer  function  for  the 
system. 


_ C(*> 

R(»)  R*  (l)  r 

r(t)  /  r*  (t) 

U 

«» 

s  a 

a  a 

Fig.  17-36.  Basic  sampled  data  system. 

Some  baok  relationships  are: 

R(z)  =  In  z  \  =  ^  *  *•<)*"" 

'  * -o 

R(z)  -  z{r(t)}  =  L{r*(t)}  .  *{«(»)} 

C(z)  =  z{G(s)fl*(s)J 

A  list  of  z  transforms  is  given  in  Table  17-2. 

Some  theoiems  relating  to  z- transforms  follow: 

(а)  They  are  linear 

(б)  z{g(t  —  nT)}  =  z_*G(z) 
z{g(t  +  nT)}  =  z+*G(z) 

if  n  >  0  and  g(MT)  —  0  for  0  <  k  <  (n  —  1). 

(c)  z[ea,g{t)}  =  G(e~*rz) 
z{e-a,g(t)}  =  G(e,rz) 

d)  lim  {- — -  Glz)}  =  lirn  tg(*)} 

I  -*  I  l  %  J  t  —  x 

<e)  lim  {G(z)}  -  lim  (git)} 

X  —  as  I  -•  0 

The  following  lists  some  general  properties  of  z-transforms. 

(а)  They  are  periodic,  with  period  <u,. 

(б)  G(z)  is  real  at  z  =  l(ai  =  0)  and  z  =  l(w  =  nw,/2). 

(c)  The  poles  of  G(z)  are  z*  =  eT,k. 

(d)  Shifting  the  zeros  of  G(s)  changes  the  gain  oonstants  in  Gtz). 

(e)  If  G(s)  has  simple  poles  only  and  no  pole  at  the  origin,  G(z)  describes  a  closed 
curve  as  z  traverses  the  unit  circle  of  the  z  plane. 

(f)  If  G(f)  has  a  pote  at  the  origin,  G(z)  closes  clockwise  at  infinity;  i.e.,  there  is 
a  pole  at  z  =  1. 


cfo)  _ | _ / _ c-;«) 

«U)  „  C'(t) 

1  t 


t  U{*U  »•  Ilf  J»0  K*ttT  u  tSto$jlfcj¥l»R 


I 
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Table  17  2.  z  Transforms  [31 


8(nT) 


Bit  -  kT) 


1  or  z  4 


B(nT-kT) 


s  —  —  In  a 

T 


Tz 

(z  -  D* 


uinT)  or  l 


H  z(z  +  1) 

2  (z-  l)1 


t  (nT)‘ 


7.  4 


(*-  1.! 


( — i)*-'  a‘->  /  z  \  a*-> 

line  — — —  — —  ( - -:)  (-1)*  1  lim -j-j  (€-•*■) 

m  -  »  (k  —  1 )!  3a*~’  \z  —  «'*r/  .-®da*  1 


(s  +  a)* 


Tzt'T 

(Z-  €  «r)‘ 


(s  4-  a)**' 


*(*  4-  a) 


1  -  «-« 


(1  -  «-»r)z 
(z  -  1)  (z  -  «"*r) 


1  -  €  ”r 


*’(«  4-  a) 


Tz _ (1  -  fr)z 

Tz-1)‘  a(z- 1)  (z- «-,r) 


r  +  ci»«’ 


sin  wot 


z  sin  w.r 

z*  —  2z  cos  woT  4-  1 


sir.  n  w,T 


8*  +  Wo1 


COI  Wot 


Z(Z  —  COS  WoD 
z*  —  2z  cos  w ,T  +  I 


cos  n  to nT 


fit1  4  Wo1) 


,  „  z(l  -  cos  WoD  (z  4- 1) 

1  -  cos  Wot  - - — — — - y— rr  1  -  cos  n  *,T 

(z  —  1)  (z*  —  2z  cos  w.T  4-  1) 


wo  _ zf~*r  sin  uitT  __ 

^  it  +  a)1  +  wo*  *  sin  wot  z»  —  2c*‘rz  cos  woT  4- f ,,r 


—  «  "r  sin  n  wo T 
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The  x-transform  maps  the  left  half  plane  mto  the  inside  of  ?.  unit  circle,  and  the 
negative  real  axis  into  the  positive  real  axis. 

17.2.1.7.  Inverse  z-T transforms.  The  basic  method  for  finding  the  inveise  transform 
is  to  apply 


ginT)  =  — o  Giziz"  1  dz 
2ni  Jr 


where  F  is  the  path  enclosing  all  singularities  of  Giz)zn~'. 

The  ir  rse  transform  can  often  be  evaluated  more  easily  by  using 

ginT)  --  V  (residues  of  Giz)z"~'  at  z *) 

‘k 

Another  method  is  to  perform  a  partial  fraction  expansion;  th*n  a  table  of  trans¬ 
forms  cm  be  used  to  yield  an  approximate  output. 

Still  another  method  is  the  use  of  a  power  series  expansion  (long  division): 

bmzm  +  bm~t?m  1  •  •  *  b„ 


G(z)  = 


m 


CHZ'  +  C'n-iX"-'  -  Co 

Division  Yields 

G(z)  =  a0  •(•  a>z~'  +  a4z_,t  •  •  • 

vvhere  the  a,  are  vhe  values  of  #*(()  at  the  <th  sampling  period. 

17.2.2.  Determination  of  Transfer  Functions 

17.2.2.1.  Transfer  Function  in  s-Plane.  For  the  open-loop  system  of  Fig.  17-36,  the 
transfer  function  is  determined  as  the  ratio  of  input  and  output  Laplace  transforms,  i.e., 

C(8i 

R*d) 

C*(s) 


G(s)  = 
G*(s)  =  ■ 


R*(s) 

For  the  clo“-ed-loop  system  (Fig.  17-37)  the  following  can  be  easily  derived: 

E{s )  ■=  R(s )  —  Bis) 

E*is)  =  R*(s)  -  B*(s) 

Bix)  =  G(s)His)  ~  GH(s) 

E*is)  =  R*(s)  -  GH*(s) 

C(s)  =  E*w)G(s) 


E*is)  _ 1 _ 

R*is)  ~  1  +  GH*is) 

Cis)  G(s) 

R%')  ~  1  +  GH*is) 


GH*(s)  —  —  ^  G//(s+./nwt) 

1  x 

17.2.2.2.  Transfer  Function  in  z-Ptane.  Derivation  of  the  transfer  function  I. 
G(s)  can  he  accomplished  by  taking  tre  inverse  transform  to  obtain  git).  Then,  s\ 
stituting  t  —  n’T  will  permit  the  application  of 

3L 

Giz)  =  2  ginT)z -■ 

*  -*0 
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R(s) 


E(s) 


B(«) 

b<t) 


V 

a 

B 

rt 

CO 


E*(s) 

e»(t) 

G{s) 

C(«> 

c(i) 

*1\SJ 

Fig.  17-37.  Samp’ed  data  feedback  system. 


or,  for  complicated  G(s)  partial  fractions  can  be  used.  Some  ^-transforms  are  given 
in  Table  17-2. 

In  the  block  diagram  in  Fig.  17-38,  quantifies  or  blocks  not  separated  by  &  sampler 
are  combined,  and  the  2- transform  of  the  combination  taken. 

C(z)  «  Gt(z)G,R(z) 


C(t)  «=  RGjlDGj,!!) 


R(r) 


c(t)  •  uiiiGjUKJjfi) 


Fig.  17-38.  Block  diagram  transfer-function  derivation. 


Quantities  or  blocks  separated  by  a  sample  are  transformer!  and  then  combined: 

C(z)  =  G,(z'Gtiz)Riz) 

The  rules  above  can  be  applied  for  feedback  systems,  or  tbe  system  output  can  be  written 
in  terms  of  the  Laplace  transform.  Then  let  G(s )  — ►  G(z);  G(s)//(s)  -*  GH(z). 

17.2.3.  Methods  of  Analyzing  Sampled-Data  Systems 

17.2.3. L  Directly  from  Differential  Equation 
Repxessn  :ation  of  the  System.  In  Fig.  17-37,  let 

Mz)  =  GHiz) 

The  charar  ‘eristic  equation  F(  z)  is  then  the  numerator  of  1  +  A  i 
Absoluts  Stability  Analysis.  If  F(z)  is  a  quadratic  polynoL  .  .A  real  coeffi¬ 
cients,  ''nd  the  coefficient  of  z*  is  1,  the  system  ib  stable  when  all  thiec  of  the  following 
conditions  hold: 


|F(0)|  <  1 
F(l)  >  0 

F( — 1)  >  0 


I 
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rHB  ScHUR-COHN  STAflIUT  CRITERION 
Write  the  characteristic  equation  ns 

F(z)  =  a0  +  Oi z  +  ajz*  •  •  •  aK?r  ~  0 
Then  form  the  determinant 


a0 

0 

0 

...  o 

a»  a#  - 1  ■ 

at 

a0 

0 

...  o 

0  a* 

■  ■  a„-*+i 

Qo 


A*  -  a*. i  a*-t  a*./,  -  •  •  ac  0  0  •  •  ■  a„ 

a«  0  0  •  •  •  0  a0  at  ■  ■  •  a*-i 

a«-i  a,  0  •  •  •  0  0  a0  ■  •  ■  a*-* 

•  •  •  a,  •  • 

a«-k+i  •  •  •  a,  0  0  -  •  •  a o 


where  A  =  1,  2,  •  •  •  n 

a,  is  the  corrugate  of  a. 

Example  for  k  =  3: 

a0  0  0  a3  at  at 

a,  Qo  0  0  a,  a> 

aj  at  a0  0  0  a3 
Aj  =  _  _  _  _ 

a3  0  0  a0  a(  a> 

as  a3  0  0  a0  a( 

at  Hi  as  0  0  a0 

A  system  is  stable  if  A*  <  0  for  A  odd 
A*  >  0  for  k  even 

17.2.3.2.  Nyquist  Method 

Representation  op  the  System.  Construct  a  polar  plot  of  G{z)asz  goes  onoe  around 
the  unit  circle. 

solute  Stability  Analysis.  The  number  of  encirclements  (Q  of  the  critical  point 
(— *  or  — X/k )  indicates  stability,  since  if  ft  =  n  —  p  where  p  —  number  of  poles  of  G(z) 
and  n  —  number  of  zeros  of  G(z),  the  system  is  stable. 

Transient  Response  Analysis.  The  transient  behavior  of  a  eampled-data  system 
can  be  determined  in  a  manner  similar  to  that  used  in  continuous  systems. 

17.2.3.3.  Bilinear  Transformation  Analysis.  Make  the  substitution  in  G(z) 

=  1  +  W 
Z~  1  -  W 


This  yield  i  an  expression  which  is  the  ratio  of  two  polynomials  of  the  same  ord  in 
W  Contii  uous  data  system  analysis  techniques  (such  as  Routh,  Nyquist,  Bode,  and 
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root  locus)  can  then  be  applied  to  determine  stability,  relative  stability,  etc.  The 
open-loop  transfer  function  in  W  of  a  sampled- data  system  is  nonminimum  phase; 
both  gain  and  phase  must  be  sketened  in  applying  the  Bode  method. 

17.2.3.4.  Root  Locus  Method,  The  construe'  ;on  of  root  loci  is  carried  out  as  for 
continuous  systems,  but  in  the  z-plane.  Table  17-3  indicates  the  expected  Wiavior 
of  a  system  from  the  pole  location. 


Table  17-3.  Ecfrct  or  Pole  and  Zero  Location 
on  Behavior  of  Sampled-Euta  System  [3] 


Location  of  Cloud-Loop  Poles 

Outside  the  unit  circle 
Inside  the  unit  circle 

(a)  Real  pole  in  right  half 

( b )  Real  pole  in  left  half 

(c)  Conjugate  complex  poles 


Mode  of  Transient  Behavior 

Unstable  operation 
Stable  operation 
(a)  Decaying  sequence 
\b)  Alternating  decaying  sequence 
(c)  Damped  oscillatory  sequence 


17.2.4.  Types  of  Sampled-Dmtm  System?.  In  general,  the  characteristics  of  con¬ 
tinuous-data  systems  carry  over  to  these  samplcd-data  systems  (see  Sec.  17.1.4). 

Type  0:  No  Poles  at  z  —  1 

(a)  Position  -irror  =  7-7-7—— 

1  > 


(b)  Velocity  error  =  *> 

(c)  Acceleration  error  =  *> 

Type  1:  One  Pole  at  z  =  1 

(a)  Position  error  =  0 

T(z  -  1)  T 
~  K, 


(6)  Velocity  error  = 


G(z) 

(c)  Acceleration  error  =  « 

Type  2:  Two  Poles  at  z  =  1 

(a)  Position  error  -  0 
(h  .  Velocity  error  =  0 

THz-  1)* 


(c)  Acceleration  error  = 


G(z) 


TL 

K„ 


17.3.  Nonlinear  Systems 
17.3.1.  Basic  Definitions 

General  Characteristics  of  Nonunear  Systems 

(a)  Superposition  does  not  hold. 

(b)  Sinusoidal  inputs  do  not  necessarily  produce  sinusoidal  outputs. 
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(c)  Sysujm  stabi  lity  may  depend  on  input  amplitude  or  frequency. 

{d)  Instability  may  be  exhibited  by  the  presence  of  limit  cycles,  i.e.,  oscillations  of 
constant  amplitude  and  srbitraiy  waveform. 

( e )  Subharmonics  can  be  generated. 

Phase  Plank.  A  graphical  determination  of  system  performance  in  terms  of  state 
variables  (output  or  error  position,  velocity,  etc.). 

Singular  Point.  A  singular  point  is  a  point  of  unusual  behavior  in  the  phase  plane. 

Structural  Stahility.  II  the  system  is  described  by 

i  =  P(x,y) 

y  =  Qix,y) 

small  perturbations  of  the  coefficients  P  and  Q  will  not  cause  a  change  in  the  behavior 
of  a  structurally  stable  system.  (Saddle  points  and  centers  are  characteristic  of  struc¬ 
turally  unstable  systems.) 

Stability  (Around  an  Equilibrium  Point) 

(а)  Stable  in  Liaponov  sense:  The  state  variables  are  bounded  in  a  region  for  any  initial 
disturbance  ir.  that  region,  and  the  upper  bound  is  a  function  of  the  initial  disturbance. 

(б)  Asymptotic  stability:  In  addition  to  being  stable  in  the  Liaponov  sense,  the  system 
approaches  the  equilibrium  point  asymptotically. 

(c)  Global  stability:  The  system  is  asymptotically  stable  over  the  entire  phase  space. 

Limit  Cycle.  A  limit  cycle  is  an  oscillation  of  constant  amplitude  and  arbitrary 
waveform.  There  are  two  basic  types  of  limit  cycles. 

(1)  Stable  limit  cycle:  If  a  solution  is  started  inside  or  outside  the  limit  cycle,  the 
system  will  approach  the  limit  cycle.  A  stable  limit  cycle  must  enclose  either  an  un¬ 
stable  limit  cycle  or  an  unst'>h'e  equilibrium  point. 

(2)  Unstable  limit  cycle:  ..  a  solution  is  started  inside  or  outside  the  limit  cycle, 
the  system  will  diverge  from  the  limit  cycle.  An  unstable  limit  cycle  must  enclose 
a  stable  limit  cycle  or  a  stable  equilibrium  point. 

Hard  Excitation.  Hard  excitation  is  excitation  such  that  the  systei  t  is  outside 
an  unstable  limit  cycle. 

Characteristic  Exponent  of  Limit  Cycle  If  n0  is  the  perpendicular  distance  of 
a  phase-plane  path  from  the  limit  cycle,  and  n  is  the  perpendicular  distance  of  the  path 
one  cycle  later,  in  the  neighborhood  of  the  limit  cycle, 

n  =  n0ea» 

an  is  the  characteristic  exponent;  if  a0  <  0,  then  there  is  a  stable  limit  cycle;  and  if 
a-,  >  0,  then  there  in  an  unstable  limit  cycle. 

First  Canonic  Form  of  Differential  ICquations.  Consider  the  system  of  Fig.  1 7-39. 
Let  the  following  hold: 

r  =  0  (no  input  for  t  >  0) 
y  =  fix)  (description  of  nonlinear  element) 


Then  the  system  nonlinear-  element  can  be  described  by 

dxi 

— -  =  k,Zi  +  fix)  i=l,2,...,n 
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x  =  2  «'*• 

f » 1 


ft = ,i  **•  - rHt) 

where  Af  are  the  poles  of  Gi(s)Gj(s) 

a,  are  the  negatives  of  the  residues  of  Gi(s)G2(s) 

ft 

fit  a,k,r  =  -  £  «(  i  =  1,2, . .  .,n 
•  *! 

Note  that  this  description  is  valid  only  for  systems  in  which  the  poles  of  G,(s)G2(s) 
are  simple  and  in  which  the  number  of  zeros  of  Gi(s)GAs)  is  less  than  the  number 
of  poles. 

17.3.2.  Methods  of  Analyzing  Nonlinear  Systems 

17.3.2.1.  Time-Domain  Analysis.  For  systems  whose  nonlinearity  can  be  simply 
described  by  low-order  polynomials,  (e.g.,  straight-line  approximations  or  simple 
curves),  the  system  performance  can  be  determined  in  a  piecewise  fashion.  First 
write  the  system  equations  for  operation  in  each  mode  of  nonlinearity  behavior.  Then, 
for  the  given  input,  obtain  a  piecewise  solution,  using  the  system  equation  appropriate 
to  the  nonlinear  behavior.  To  evaluate  constants,  use  the  output  value  at  the  end  of 
each  time  interval  as  the  initial  condition  for  the  interval  which  follows. 

17.3.2.2.  Consideration  of  the  Differential  Equation 

Bendixson’s  Theorem.  The  system  equation  is  written  in  terms  of  the  state  vari¬ 
ables,  i.e., 


x  =  P(x,  y) 


Then  if 


y  =  Q(x.y) 


dT  Oy 


0 


and  is  of  constant  sign  in  a  region,  there  is  no  limit  cycle  in  that  rejf.on. 

Existence  or  Limit  Cycles  for  Second-Order  System.  Consider  the  equation 


x  4-  f(x)x  +  g(x)  =  0 

The  following  are  suffick  nt  but  not  necessary  conditions  tor  the  existence  of  limit  cycles. 

(а)  fix )  and  g(x)  are  analytic  (can  be  expressed  as  power  series) 

(б)  ~g(x)  -  g(-x) 

(c)  xg(x)  >  0 
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(d)  fix)  =  f(-x) 

( e )  fi 0)  <  0 

Define  the  functions 

Fix)  -  J  fix)  dx 

G(x)  =  f  gir)  dx 
Jo 

then: 

if)  Fix)  -*  »  au  *  -*  « 

ig)  Gix)  —  0  has  a  unique  root  at  x  =  c.  where  o  >  0,  and  ia  monotone-increasing 
for  x  >  a. 

17.3.2.3.  Describing  Function  Analysis 

Introduction.  In  applying  this  method  t  is  assumed  that  there  is  only  cne  non¬ 
linear  element  ir.  the  system,  that  the  nonlinear  element  is  time  invariant,  and,  if 
the  input  is  a  sinusoid,  that  the  only  significant  component  of  the  output  ia  the  funda¬ 
mental  component;  no  subharmonics  are  generated. 

Descn1  iiag  function  are  defined  by 

^  Amplitude  of  the  fundamental  at  the  output,  c  _  ci 
Amplitude  of  input  sinusoid,  r  r, 

The  third  harmonic  of  the  output  usually  causes  the  largest  error  [‘2J,  hence  |c  ,/ci  | 
measures  the  accuracy  of  the  describing  function  in  predicting  the  true  output. 

Open- Loop  Describing  Function.  The  open-loop  describing  function  N,  can  be 
found  by  first  determining  tho  nature  of  the  nonlinearity  and  then  hypothetically 
(or  experimentally)  inserting  un  input  c  =  X  sin  <  t.  Then  N0  is  the  plot  of  amplitude 
of  fundamental  of  the  output  vs.  X.  (For  examples  of  open-loop  describing  functions, 
see  Fig.  17-40  through  17-43.) 


(•)  (b) 


Fio.  17-40.  Open-loop  describing  function  for  nonlinear  element 
with  dead  none,  (a)  Description  of  nonlinear  element  behavior. 
(6)  Describing  function. 
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Fig  17-41  Open-loop  deacribing  function  for  nonlinear  element  with  saturation, 
(a)  Description  of  nonlinear  element  behavior,  (b)  Deacribing  Auction. 


(b) 


Fio.  17-42.  Open-loop  deacribing  function  for  nonlinear  element  with  dead  ui  e  and  saturation 
(a)  Description  of  nonlinear  element  behavior.  (6)  Deacribing  function. 


B 
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(a) 


Fig  17-43.  Open- loop  describing  function  for  nonlinear  element  with  hysteresis. 
W)  Description  of  nonlinear  element  behavior.  (6)  Describing  function. 
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St  ability  Analysis  from  Describing  Functions.  If  the  system  transfer  function 
is  KG(s),  make  a  Nyquist  plot  of  G(s).  Consider  the  pain  to  be  N0K.  Then  plot  the 
critical  point  locus,  —1/No  A",  where  No  may  indode  phase  shift.  (See,  for  example 
Fig.  17-44.)  If  No  is  frequency-dependent,  several  critical  point  loci  must  be  plotted. 


(a) 


*'ig.  17-44.  Example  of  stability  analysis  using 
desorbing  functions,  (a)  Stable  for  all  input 
signals  (6)  System  with  limit  cycles:  for  input 
amplitudes  ’ess  than  a.  the  system  is  stable.  For 
input  amplitudes  greater  than  a,  the  system  has 
5  stable  limit  cycle  &t  b. 


Closed- Loop  Describing  Function  Nc.  Nr  can  be  found  as  fellows  (see  Fig.  17-45): 

(а)  Assume  a  frequency  w  and  calculate  KG\iu) 

(б)  Assume  an  error  voltage  and  determine  y  from  the  describing  function,  N0- 
(c)  The  doted- loop  syjtem  gain  at  w  is  then 


Gr[j<i>) 


— =  Me)» 

1  +  A,  NGi ju) 


Co  —  ENoKGi  j  co) 


R.  —  ( I  +  No  KGij<»)E  e-ml 


ft  —  jN«  ACiy'tolj 

~  I  No 


E 


(d) 
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(e)  Repeat  for  t';fferent  E' a  and  plot  M  and  N  vs.  input  amplitude  A. 

(f)  Repeat  for  different  w. 


Flo.  17-45.  Closed-’oop  system  for  describing 
function  analysis. 


Example  ov  Closed-Loop  Describing  Function  Figures  17-46  and  17-47  show 
the  closed-loop  describing  function  for  a  second-order  system  with  torque  saturation. 


0  2  4  8  8  10  12  14  16  0  2  4  6  8  10  12  14  16 


AMPLITUDE  AMPLITUDE 

Fic.  17-46.  Magnitude  M  of  closed-loop  describ-  Flo.  17-4/.  Phuesh.  ft  N  of  closed-loop  describ¬ 
ing  function  of  second-order  control  system  for  ing  function  of  second-order  control  system  for 
nonlinear  element  with  saturation.  nonlinear  element  with  saturation. 


17.3.2.4.  Phase-Plane  Analysis 

Introduction..  Phase-plans  analysis  is  moat  useful  for  second-order  systems;  i'  can 
be  used  to  study  tra  ’ient  behavior  subject  only  to  initial  conditions  (i.r  ,  no  other  exci¬ 
tation);  only  time-invariant  systems  can  be  considered.  The  performance  is  p lotted 
with  state  variables  as  the  coordinates.  In  genera) ,  v._.j  technique  is  nit  applicable 
to  syBb  ms  of  higher  order  than  2  or  3,  but  by  extending  the  concept  it  can  provide 
insight  into  the  performance  of  systems  of  any  order. 

Obtaining  Phase  Portrait 

Direct  Solution  of  Differential  Equations  ( for  Linear  Systems).  The  differential 
equation  can  be  solved  to  obtain  x,  which  is  then  differentiated  to  obtain  x.  t  is  then 
eliminated  between  x  and  x.  Better  results  are  usually  obtained  if  the  origin  is  inoved 
to  the  maximum- velocity  portion  rvf  the  nonlinear  characteristic. 

Solution  of  Differential  Equation  for  x.  y  =  x  can  be  substituted  into  the  equation  and 
the  equation  divided  by  x.  Noting  that  yiy  — *  dyldx,  the  new  equation  c  often  be 
solved  Fcv-  sample: 

x  +  w,*x  —  0 
y  w,’x  =  0 
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y  uSx 
y  y 


o 


=  0 


din 


The  isoclines  (lines  through  which  the  slope  of  the  solution  is  a  constant)  are  then 
determined.  For  example,  consider  x  +  a,1*  -f  aox  —  0 


Let.  x  =  y 


y  =  -  a,y  -  aox 

y  dy  dt  _  dy  __  a  y  —  'ipx 

x  dt  dx  dx  y 


cio 


s  +  b  i 


where  s  ==  dyi dx. 

This  is  the  equation  for  the  isocline  on  which  the  solution  has  slope  s.  Next  the 
direction  of  the  solution  can  be  determined,  since  x  =  y.  If  y  is  positive,  x  is  positive, 
and  the  solution  moves  toward  the  right  in  the  upper-half  plane. 

Tv°es  of  Phase-Plane  Plots.  If  for  a  second-order  system,  Xt  and  X2  are  the  eigen¬ 
values,  then  the  phase-plane  plots  shown  in  Fig.  17-48  are  summarized  as  follows: 


Unstable  node 

X j  >  0,  X2  >  0,  X i  >  X2 

Stable  node 

x,  <  o,  x2  <  o 

Saddle  point 

XjX2  <  0 

Unstabh  focus 

X  =  p  +  iq  p  >  0 

Stable  fojus 

X  =  p+  iq  p  <  0 

Center 

Xi  =  Xs  =  p  +  iq  p  =  0 

Time  Response  from  Phase-Plane.  The  time  response  can  be  formed  simply  by 
forming 


n 


dx 


where  y  =  dxldt  the  ordinate).  Note  that  this  equation  can  also  be  used  in  the  error 
plane,  where 


f  i 

J>,  e 


de 


17.3,2.5.  Stability  Analysis  by  Liaponov’s  Second  Method 

Introduction.  This  method  can  be  applied  to  higher-order  systems  if  the  differ¬ 
ential  equation  is  written  in  the  first  canonic  form.  However,  this  cloeed-loop  system 
must  have  only  one  nonlinear  element,  and  th»  nonlinear  element  must  satisfy 


i: 


f(a)  da  &  0 

for  the  cloeed-loop  system  with  a  single  nonlinear  element. 
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Fro.  17-48.  Phase-plane  plots  for  second-order  system,  (a)  Stable  node,  (b)  Unstable  node, 
(c)  Saddle  point,  (d)  Center.  (e)  Unstable  focus.  ( fi  Stable  focus. 


L  AfO’/ov's  Theorem.  Consider  the  autonomous  system 

yt  =  Y<(y,,yt, .  .  .,y„) 

If  there  exists  a  real-valued  function  Vr(y,,y,,. .  „yr)  such  that. 

(а)  V(yi ,  yx, . .  .,y„)  has  continuous  first  partial  derivatives 

(б)  V  is  positive  definite,  i.e.,  V  >  0  for  any  lyij  ~>  0,  V(0)  —  0 

(c)  lim  V(y,,y,.. .  ,y«)  =  »  for  all  |yf|  -»  * 

1*(|  -  - 

then  the  equilibrium  state  of  the  system  is  as  follows: 

(a)  Stable,  if  there  is  some  region  V  <  k,  (where  k  is  some  positive  constant)  such  that 


dV  =  ■  dV  dy, 
dt  “  dy i  dt 


0 


i.e.,  dVidt  i«  negati v e-semidefini te . 


(6)  Asymptotically  stable,  if  dVidt  <  0  in  the  region  V  <  k,  or  if  dVidt  «  0  and 
dVidt «  0  is  not  a  nontrivial  solution  of 


yt  =  Y,  (y,,yi, . .  .,y») 

(c)  Globally  stable  if  condition  (6)  holds  for  the  entire  phase  space. 
Liaponov  Function  for  Systems  Described  by  First  Canonic  Form: 


aikYtYkaii,  =  a*, 

4-1  *  -  | 
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Th«  stability  equation  become'- 

II 

2  2)  aj/(X(  +  X;)  =  a i  i=l,2 . n 

J-i 

The  system  is  asymptotically  stable  if 

(а)  There  is  at  least  one  solution  such  that  the  o<  are  real  for  real  XTs  and  are  in  com¬ 
plex  conjugate  pairs  for  corresponding  complex  corrugate  pairc  of  X|. 

(б)  Re\t  <  0  for  all  i  —  1, 2, . . n 
(c)  The  nonlinear  element  satisfies 

T fix)  S*  0,  AO)  =  0 

for  all  |x|  >  0 

More  examples  are  found  in  [7]. 

17  3.3.  Specific  Solutions 

17.3.3.1.  Second-Order  Conservative  Systems 

Ginxral  Comments.  Tne  equation  describing  a  second-crder  conservative  system  is 

x  f  fix)  =  0 

Second-order  conservative  systems  exhibit  no  damping  and  are  described  in  the  phase- 
plane  by 

i  —  y 


or 


Potential  Function. 


y  -  -  fix) 
dy  =  _  '(£) 

dx  y 

A  function  v(x)  can  be  defined  as 


v(x)  =  J  fix)  dx 

Hence  the  system  equation  becomes 


y*/2  +  vix)  ~  h 

or 

kinetic  +  potential  =  total 
energy  energy  energy 

Behavior  Near  an  Equilibrium  Point.  If  the  second  derivative  of  v(x)  is  taken, 
then,  if 


cPvjx o)  _  dfjxo) 
dx*  dx 


The  system  exhibits  center  behavior,  if 


cPvjxt)  _  dfixp) 
dx*  dx 


The  system  exhibits  saddle  behavior,  and  if  (see  Fig.  17-49) 

d*vixt)  _  dfixt)  _ 
dx*  dx  J 
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,  v  J  ,  2 

’l(x)  '  X  +  5x  *7. 


Fig.  17-19.  Construction  of  phase-plane  plot 
of  x  -•  3x*  +  lOi  +  1=0. 


Sketch  or  Phase  Portrait  12]  eor  Conservative  Second-Order  System.  In  sketch¬ 
ing  the  phase  portrait,  the  singular  points  are  located  (maxi  mums  and  mini  mums  of 
v )  and  the  nature  of  each  point  determined  f">m  the  preceding  discussion.  Then  the 
lowest  energy  path  is  constructed,  then  the  next  higher,  etc.  (see  Fig.  17-49). 

Effect  of  Varying  a  Parameter  a 

(a)  Consider  the  equation 

x  +  fix,  o )  =  0 

(b)  Plot  fix,  it)  =  0,  which  is  a  plot  of  equilibrium  points. 

(c)  Shade  the  region  where  fix, a)  >  0;  then,  for  a  given  cr,  the  equilibrium  points 
are  given  by  the  curve  The  number  and  type  of  equilibrium  points  can  be  determined 
as  follows:  if,  as  x  increases,  fix,  a-)  changes  from  shaded  to  unshaded;  the  system 
exhibits  saddle  behavior;  if  the  change  is  from  unshaded  to  shaded,  the  system  ex¬ 
hibits  center  beha’  or. 

17.3.3.2.  Examples  of  Systems  with  Saturation 

Introduction.  A r  error  plane  can  be  constructed  as  follows: 

(a)  Write  the  system  characteristic  equation  in  terms  of 

€  —  9i  —  B» 
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The  linearity  of  this  system  depends  on  the  linearity  of  the  torque  output  T  since 

eU)  =  7'[eU),eU),  /  e(t)  dt,...] 

(6)  Determine  switching  lines  which  divide  the  plane  into  regions  of  linear  and 
nonlinear  operation  (it  is  assumed  that  nonlinearities  can  be  approximated  by  straight 
lines). 

(c)  Determine  the  qualitative  behavior  in  each  region. 

(d)  Sketch  the  phase  portrait.  Note  that  the  behavior  of  a  saturated  system  is 
parabolic. 

Error  Plus  Error- Rati  System  with  No  Damping.  Consider  the  system 

Ie(t)  =  fx  [eU)  +  CVU)] 

where  Ce  is  the  error-rate  coefficient  and  the  torque  saturation  curve  is  as  shown  in 
Fig.  17-50(a). 


Fio.  17-50.  Phase-plane  for  system  with  torque 
saturation,  (a)  Description  of  nonlinear  element. 
(6)  Phase  portrait. 
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If  there  is  :io  acceleration  input,  Ir(t)  =  0  and 

from  which 
and,  integrating 


Theiefore,  the  switching  lines  are  straight,  representing  torques  of  ±Tm  with  slope 
—  1/C,  and  abscissa  intercept  ±TmlnCe  (see  Fig.  17-506). 

The  behavior  (see  Fig.  17-506)  is  linear  between  the  saturated  torque  lines  and  para¬ 
bolic  on  either  side  of  this  legion.  The  phase  portrait  is  sketched  in  Fig.  17-506. 

Bang-Bang  System  with  No  Damping.  In  this  system  the  torque  is  described  (see 
Fig.  17-51a)  by 

7’  =  B  e(f)/|e(f)|  =  +B 


|  Torque 


Ie(t)  —  -  n[C,e(t)  +  e(/)} 
T  =  n[CMt)  +  eU)} 


"w~-k“')+jcr 


i 


(b) 


Fig.  17-61.  Phr»e-y!ane  for  bang-bang  system 
without  damping,  (a)  Description  of  nonlinear 
oloment  Hahavior  (6'  Phase  portrait. 
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and  the  system  equation  is 

I'c(t)  =  B  e(t)l\e(t)\ 

There  is  no  region  of  linear  operation;  the  switching  lino  is  he  ordinate,  and  the 
behavior  on  both  sides  of  the  switching  lines  is  parabolic  (see  Fig.  17-516). 

Bang-Bang  System  with  Coulomb  Damping.  The  torque  is  described  by 

T  =  B  e(t)l\e{t)\  -  C  e(t)l\e(t)\ 

(see  Fig.  17-52a)  so  the  system  behavior  is 

I'c(t)  =  B  e(t)l\e(t)\  +  C  Ht)l\e(t)\ 

Again  there  is  no  linear  operation,  and  the  behavior  is  parabolic  in  each  quadrant: 

(а)  Quadrant  1 :  7' — B  C 

(б)  Quadrant  2:  T  —  —B  +  C 
(c)  Quadrant  3: 1 —  —  B  —  C 
id)  Quadrant  4 \T=B  —  C 

(See  Fig.  17-526). 


(b; 

Fig.  17-52.  Phase-plane  for  bang-bang  system  with 
coulomb  damping,  (a)  Description  of  nonlinear 
element  behavior.  (6)  Phase  portrait. 
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Bang-Bang  Systkm  vtth  Viscous  Damping.  The  torque  iB  described  as 

T=Be(t)l |eM|  +  fe(t) 

.'see  Fig.  17-53;;  the  system  equation  is 

Ic(t)  =  3  e(t)/|e(t)|  +  fe(t ) 

There  is  no  region  of  linear  operation,  and  the  behavior  is  parabolic: 

(n)  Quadrant  1:  T  =  B  +  feU) 

(b)  Quadrant  2:  T  =  -B  •+■  fe(t) 

(c)  Quadrant  3:  T  =  -B  +  feit) 

(d)  Quadrant 4:  T  —  B  +  fe(t) 

That  is,  the  system  is  highly  damped  for  large  error  rates,  and  lightly  damped  for  small 
error  rates  (see  Fig.  17-53). 


Torque 


B 


Input 


-B 


U) 


Fig.  17-53.  Phase-plane  for  bang-bang  system 
with  viacous  damping,  (a)  Description  of  non¬ 
linear  element  behavior,  (b)  Phase  po>-trait. 
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17.4.  Design  Methods 


17.4.1.  Gain  Adjustment 

Gain  Adjustment  from  the  Poiar  Plot.  System  performance  can  be  strongly 
influenced  by  gain  adjustment;  the  proper  adjustment  for  desired  operation*  can  be 
derived  from  using  a  Nyquist  plot  as  follows:  Draw  a  Nyquist  plot  of  Gijou)  (or  of  G*(j to) 
for  a  sampled-data  system].  Draw  a  $  ,;ne  through  the  origin  at  <l>  =  sin-1  (1/Ajp), 
where  Mv  is  the  desired  peaking  of  the  transfer  function.  Draw  a  circle  centered  on  the 
negative  real  axis,  tangent  to  both  the  <l>  line  and  the  G(jw)  locus.  Determine  K  from 

K  W  1 
'ciMp'-D  d 

where  c  =  the  distance  from  the  origin  to  the  center  of  the  circle 

d  =  the  distance  from  the  origin  to  the  negative  real-axis  intercept  of  a  perpen- 
diculrn  which  passes  through  ti>4  point  of  circle  and  ^-line  tangency. 

Gain  Adjustment  from  Bode  Plot.  Proper  gain  adjustment  is  that  which  yields 
the  desired  gain  and/or  phase  margin  (usually  about  30°). 

Gain  Adjustment  from  loo  Modulus  Plot.  Variations  in  gain  are  reflected  in 
a  vertical  shifting  of  the  plot.  Hence,  using  a  N  'chols  chart,  the  gain  which  will  result 
in  tangencv  to  the  desired  M  circle  is  chosen  by  adjusting  the  vertical  position  of  the 
plot. 

Commfnts  on  Gain  Adjustment.  An  increase  in  gain  di  .eases  stability,  de¬ 
creases  cteady-stAte  errors,  increases  transient  errors,  and  lowers  response  time.  In 
general,  the  result  of  an  increase  in  gain  is  higher  Mp,  w„,  and  &>p. 


17.4.2.  Cascade  or  Series  Compensation 
Simple  Compensation  Networks 

Phase  Lead  Network.  This  network  (Fig.  17-54)  provides  positive  phase  shift.  The 
transfer  function  is  given  by 


where  a  —  R,/(Ri  +  R2) 


KcGc(s) 


STj  +  1 
SCtTt  +  1 


Tr  —  RtC; 


The  Nyquist  and  Bode  p  ots  of  th’s  network  are  also  shown  in  Fig.  17-54.  The  phase 
shift  obtained  as  a  function  of  a  is  also  indicated. 

Phase  Lag  Network.  This  network  (see  Fig.  17-55)  provides  negative  phase  shift. 
1  he  transfer  function  is 


KrGc(s) 


Tt8  4-  1 
T%CS  +  1 


Figure  17-55  illustrates  Nyquist  and  Bode  p'-uts  as  well  as  liie  obtainable  phase  shift. 

Design  Using  Ny^uict  Plot.  A  compensating  network  can  be  designed  by  the 
following. 

(a)  Draw  Nyquist  plot  and  M  circle  for  desired  Mp.  (Mp  is  approximately  the 
transient  response  overshoot) 

( b )  Select  resonant  frequency  wp  of  compensated  system.  This  is  related  to  the 
speed  of  response  (see  Sec,  17.1.3). 

(c)  If  wp  is  the  frequency  of  peak  of  the  uncompensated  systems,  then  the  network 
must  yield  a  phase  shift  of 
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“tan  -  tan'^/a 
max  Vo 


a 

$ 

max 

0.1 

53.2 

0.2 

41.4 

0.3 

32.0 

0.4 

20.0 

0.5 

12,4 

Fjg.  17-54  Phase-lead  network 


and  a  gam  of 

H  =  0(stp' f  Oatp 

where  Owp'  is  the  distance  from  the  origin  to  wp  and  Ocjp  is  the  distance  from  the  origin 
to  (i)p.  Therefore,  for  a  phase-  lead  network,  Fig.  17-54  is  used  to  determine  a  and  for 
a  phase  lag  network  Fig.  17-55  is  used  to  determine  a;  ts  is  d<  -ermined  from  (6)  above. 

(d)  The  locus  of  tho  compensating  network  is  plotted,  titsiru;  {rt,  a)  (or  a)  and  n, 
as  derived. 

(e)  By  vector  multiplication,  the  now  system  locus  is  constructed. 

(f)  Repeat  the  ttepe  above  as  required  for  differert  u>.  and  a  (oi  a)  until  a  satis¬ 
factory  system  is  obtained. 

In  sampled-dat-a  systems  it  may  be  desirable  to  use  a  pulsed -data  network  for  com- 
npnsation.  In  this  case,  the  procedure  is  a s  outlined  above,  but  the  z-plane  is  used 
nor  design. 
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4  «  -  Un*1/! 

max  v» 


a 

♦max 

2 

-4.1S 

3 

-24.88 

4 

-33.43 

3 

-41.87 

8 

-45.38 

10 

Fio.  17-56.  Phase-log  network. 

Design  Usinv;  log  Magnitude  and  Phase  Plots  The  method  outlined  beiow  may 
be  applied  to  both  the  log  modulus  and  the  Bode  plots. 

(a)  Draw  the  Bode  or  log  modulus  plot  of  the  uncompensated  system  and  decide 
what  type  of  compensation  network  is  required. 

(b)  Determine  the  range  of  frequend.  j  over  which  compensation  is  necessary. 

(c)  Draw  the  plot  for  the  compensating  network. 

(</)  Add  the  compensation  plot  to  the  system  plot. 

it)  Adjust  the  system',  gain  as  necessary  to  aciiieve  desired  performance 
( P  Repeat  as  necessary  to  obtain  desired  result 

Othes  Compensation  Schemes.  Some  additional  compensation  schemes  follow. 
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First-Derivative  Error  Control.  A1  ;hougn  there  is  no  change  in  steady-state  error  Xp, 
the  transient  response  is  faster.  Application  of  first-derivative  error  control  does  tot 
change  the  order  of  system  and  increase?  Kt  with*  at  affecting  the  stability  or  phase  mar- 
<jin  excessively.  It  does,  however,  affect  the  apparent  viscous  damping  (see  Fig.  17-56). 


Fig.  17-56  Firat-derivative  error  control  system. 


First-Derivative  Input  Control.  This  method  of  compensation  improves  transient 
response,  raises  Kp,  and  Kr,  and  reduces  the  amplitude  of  the  oscillations.  It  als^ 
affects  the  apparent  viscous  damping  (see  Fig.  17-57). 


Fig.  17-67.  First-derivative  input  control  syste. '  Gits' 
is  tire  coninj.ler.  Gits)  is  the  controlled  system. 


First-Derivative  Output  Control.  This  system  can  reduce  steady-state  velocity  error 
(even  make  it  negative).  Since  the  nature  of  transient  response  is  changed,  caution 
should  be  used  in  applying  it.  Again,  the  apparent  viscous  damping  is  affected  (see 
Fig.  17-58). 


Fic.  17-58  Firat-derivative  output  control  system. 


Integral  Control.  This  type  of  compensation  reduce:  the  steady-rtate  error,  which 
eventually  becomes  zero.  Speed  of  response  is  increased  but  relative  stability  is 
decreased  (see  Fig.  17-53). 


Fig.  17-53.  Integral  control  system. 
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17.4.3.  Root- Locus  Method 

17.4.3.1.  Introduction.  The  effect  cf  adding  poles  and  ze'te  to  a  system  is  indicated 
in  Fig.  17-60.  Real-axis  zeros  tend  to  spread  the  loci  faster  ar.d  stabilize  the  system. 
Real-axis  poles,  on  the  other  hand,  tend  to  make  the  '.oci  spread  more  slowly  and  curve 
toward  instability. 

The  root-locus  design  method  (alter  Guillemin  in  [2])  involves  three  steps:  the  ciosed- 
loop  transfer  function  is  determined,  then  the  open-loop  transfer  function,  and  finally 
a  compensation  network  is  synthesized. 


Fig.  17-60.  Effect  of  additional  poles  and  zeros  (a)  Effect  of  zero  on  locus  with 
complex  poles.  (6)  Effect  of  zero  on  locus  with  real  negative  poles,  (c)  Effect  of  pole 
on  locus  with  complex  poles,  (d)  Effect  of  pole  on  locus  with  real  negative  poles. 


17.4.3.2.  Determination  of  Ciused-lAop  Transfir  Function.  Since  th_  .-ed  elements 
of  a  system  cannot  be  changed  to  bring  about  cnr.tiol,  their  characteristics  must  be 
determined  by  experimental  or  analytical  techniques;  these  characteristics  are  then 
used  to  design  an  effective  control  system. 


I 


1  (l-4f») 

K„  oj,* 

(5)  Delay  time  (for  step  input)  T «»  *  MKr  (exact  if  git)  is  symmetrical  around  its 
centroid,  i.e.,  the  system  exhibits  small  overshoot). 

(6)  Rise  time:  (exact  if  g.t)  is  symmetrical  around  its  centroid,  i.e.,  the  system  ex¬ 
hibits  small  overshoot). 

7V  2 _ 1 

2  ~Ka  K? 

Method  for  Compensation  Using  Poles  and  Zeros.  The  object  of  this  compensation 
method  is  to  base  control  primarily  on  two  control  poles,  i.e.,  complex  corrugate  poles 
close  to  the  imaginary  axis.  These  poles  and  any  significant  zeros  determine  the  system 
characteristics.  In  placing  the  control  poles,  other  poles  are  placed  either  bo  far  out 
from  the  imaginary  axis,  or  so  dose,  that  they  ere  not  significant.  In  more  complex 
systems,  inner  loops  may  have  to  bo*  designed  with  other  poles  and  zeros  (see  Sec.  17.4.5). 

1  ne  procedure  described  above  ensures  that  the  open- loop  poles  lie  on  the  negative 
real  axis,  hence,  the  compensation  can  be  accomplished  with  passive  RC  networks. 


I 
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Potential  Analogy  foe  Kr  Adjustment.  The  object  of  this  adjustment  is  to  increase 
AT,  m  as  to  reduce  errors  in  response  to  velocity  inputs.  This  adjustment  should  be 
made  without  materially  affecting  the  relative  stability  of  the  system. 


If  Kp  =  — 


1 

2 


C(0) 
R(  O 


j,  the  velocity 


constant  Kr  ig  analogous  to  the  inverse  of  the 


Jectric  field  at  the  origin.  Hence,  poles  are  considered  to  bo  unit  line  charges  (per¬ 
pendicular  to  s-plane)  and  zeros  are  unit  line  charges  of  opposite  polarity.  Therefore, 
the  field  at  any  radius  ;  from  a  nole  or  zero  is  ±  1/r. 

Using  this  analogy,  zeros  can  oe  placed  on  the  negative  real  axis  in  such  a  position  as 
to  reduce  the  field  at  the  origin  to  0;  hence,  an  infinite  Kc  is  obtained.  This  is  lead  Cen¬ 
tral. 

Note  that  a  pole  and  zero  could  be  placed  close  togetner  so  their  net  effect  is  negligible 
on  the  other  poles  and  zeros,  but  close  to  the  origin  so  that  the  effect  on  the  field  at  the 
origin  is  great.  If  the  pole  is  outside  the  zero,  Kr  is  increased,  while  if  the  pole  is  inside 
the  zero  (closer  to  the  origin),  Ke  is  decreased  The  increase  in  overshoot  produced  by 
this  compensation  is  PJZi,  and,  because  of  the  term  a  long-duration  "tail”  will  be 
found  in  the  response. 

17.4.3.3.  Drcermination  of  Open-Loop  Transfer  Function.  Once  C(s)IR(s)  has  been 
obtaired.  thu  open-loop  transfer  function  G(s)  can  be  formed  by  first  writing 

C(s)  _  pis)  G(s)  pis) 

Ris)  n(s)  1  +  Gis)  pis)  +  qis) 

Note  that  the  poles  of  the  open-loop  system  ore  the  zeros  of  n(s)  —  pis);  therefore,  if 
the  real  part  of  nis)  is  plotted  on  the  same  graph  with  the  real  part  of  pis),  the  roots 
of  the  open-loop  system  are  the  abscissas  of  the  intersections  of  the  two  curves. 

Note  that  for  most  systems  the  sum  of  the  zeros  of  qis)  is  identical  to  the  sum  of  the 
poles  of  Cis)/Ris )  (i.«.,  the  zeros  of  n(s)). 

17.4.3.4.  Synthesis  of  Compensation  Nettvorks.  The  desired  system  response  is 
obtained  by  using  as  many  poles  and  zeros  of  the  controlled  system  as  possible  and 
canceling  the  others  approximately  with  a  compensation  network. 

17.4.4.  Optimum  Transient  Response  Behavior  for  Torque-Saturated  Systems. 

Two  of  the  torque- saturated  curves  pass  through  the  origin  (see  Sec.  17.3.3.2),  one  for 
maximum  positive  torque,  the  other  for  maximum  negative  torque.  These  parabolas 
form  the  optimum  switching  curves  (optimum  implying  the  curve  which  takes  the  least 
time  to  reach  the  origin).  Thereiore,  the  fastest  system  will  start  heading  toward 
the  switching  curve  with  maximum  torque;  when  the  switching  curve  is  reached, 
thj  maximum  opposite  torque  will  be  applied;  this  will  take  the  system  along  the 
switching  curve,  to  the  origin.  For  small  errors,  or  operation  near  the  switching  curve, 
a  practical  system  based  on  this  technique  does  not  work  too  well.  Therefore,  a  linen* 
mode  might  be  selected  in  these  regions.  The  switc  .ling  curve  can  be  established  using 
nonlinear  elements. 


17.4.5.  Miscellaneous  Comments  on  Design  and  Compensation 
Crude  Analysis.  Since  in  a  closed-loop  system 

C(s)  _  KiGiis) 

Ris)  ~  1  +  KG,(s)K,G,(s) 

where  K.Giis)  is  the  forward  loop  transfer  function,  and  KtG2  is  the  feedback  loop 
transfer  function, 

C(s)  1 


* 

i 


Ris)  KtGtis) 
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for  frequencies  where  K {G\(s)KiG ,(s)  >  >  1  and 

C<£»  _  „  r  ... 

.«?(*)  ~  K'G,M 

for  frequencies  where  K,G,(s)KiGAs)  <  <  1. 

Inner  Loop  Gain  Distr'-  ution.  In  two-Iocp  systems,  the  inner  bnp  gain  should 
be  distributed  primarily  in  the  forward  loop  (A',),  thus  reducing  the  j;iin  required  in 
the  outer  loop. 

Multiple-Loop  Analysis  and  Synthesis:  One-Third  Rule.  Generali  v,  the  response 
of  some  loops  will  be  made  faster  than  others,  in  order  to  maximize  inner  loop  response, 
eg.,  a  loop  for  stabilization  in  a  track  system.  The  faster  loop  will  usually  exhibit  a 
peaking  at  its  closed-loop  frequency.  Experience  shows  that  the  outer  loop  should  have 
a  closed-loop  frequency  no  higher  than  ene-third  that  of  the  inner  stabilization  loop. 

Serial  or  Sequential  Analysis.  If  the  crossover  frequencies  of  ndividual  loops 
are  far  enough  apart,  the  inner  loops  can  be  analyzed  independently  for  stability  and 
response,  and  the  result  used  in  the  analysis  of  the  outer  loop. 

Parallel  Analysis.  All  loops  having  a  common  element  are  considered  parallel. 
In  Fig.  17-61  the  common  element  is  A,  and  thus  the  parallel  loops  are  AB  (loop  1': 
AD  (loop  2);  and  ACE  (loop  3).  Then  the  output  at  any  frequency  is  roughly  '.hat  de¬ 
fined  by  the  loop  with  the  greatest  gain  at  that  frequency  (or  time).  When  considering 
the  stability  of  the  system,  only  the  loop  which  predominates  in  that  frequency  domain 
must  be  considered. 


Flu.  17-61.  Block  diagram  fur  parallel  analysis. 


17.4.5.  Statistical  Design 

17.4.6.1.  Introduction.  Statistical  design  deals  with  the  design  of  systems  in  which 
it  is  assumed  that  the  input  signals  are  from  ergodic,  stationary,  random  processes. 

The  error  criterion  most  generally  chosen  is  that  the  mean  square  error  be  reduced. 
This  criterion  places  heavy  emphasis  on  large  errors  and,  as  a  consequenu ,  often  leads 
to  a  system  design  of  low  relative  stability.  It  is,  however,  very  convenient  to  handle 
mathematically  and  in  many  applications  yields  adequate  results. 

In  designing  a  Bystem  statistically,  it  is  often  useful  to  know  the  probability  distribu 
tion  function  of  the  random  process.  This  can  be  found  by  determining  what  percentage 
of  time  a  signal  exceeds  various  amplitudes.  Differentiating  the  result  yields  the 
probability  distribution.  This  procedure  can,  of  course,  be  carried  out  graphically 

If  the  mean-squared  error  criterion  is  chosen,  signals  are  adequately  described  by 
correlation  functions  These  functions  are  defined  by 

1 

<t>ij('  )  =  lim—  fi(t)fj(t  +  t)  dt 
I  -  X  **  J  , 


I 
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If  i  =  j,  the  result  is  the  autocorrelation  function;  if  i  ¥  j,  the  result  is  the  crose-cor 
relation  function.  The  correlation  function  can  he  found  graphically  by  sampling  the 
function  every  a  seconds  and  shifting  the  time  axis  to  generate  f{t+  r).  Multiplying 
and  averaging  the  results  yield:  the  desired  function.  The  msgur  characteristics  of 
these  functions  are  as  fellows: 

(1)  d>u(r)  -  <£h(-t) 

(2)  4>n(0)  is  the  average  power 

(3)  <M«)  *  I<Mt)|  «  ^,i(G) 

(4)  If  f,(i)  contains  periodic  components,  <f>n(r)  contains  components  of  the  same 
period. 

(5)  If  f\(t)  contains  a  dc  component,  so  does  <£n(r) 

(6)  <£h(t)  contains  no  phase  information 

(7)  If  (4)  and  15)  do  not  hold,  dhi(r)-»0  as  t-*« 

(8)  <f>n(r)  is  the  num  of  the  autocorrelation  function  of  the  individual  frequencies 
which  make  up  /",(/) 

(9)  d>n(r)  corresponds  to  an  infinite  number  of  time  functions 

(10)  If  fi(t)  =  fa(t)  +  fbit),  then 

<£u(t)  =  4>aa(r)  +  <f>a»(T)  +  <t>ba(T )  f  <£(*>( T) 

(11)  «f><,»(T)  =  d>»u(-r) 

(12)  If  f„{t )  and  fb(t)  are  uncorrelated  (e.g.,  signal  and  noise),  then 

<£u(r)  =  <t>aa(r)  +  <f>b6(r) 

(13)  d*a»(r)  «  [*•.«»***«»]•'* 

where  \ )  indicates  the  ensemble  average. 

The  power-density  spectrum  is  another  important  descriptor  of  signal  and/or 

nciie  characteristics.  can  be  found  by  using  a  spectrum  analyzer,  and  has  the 

following  properties: 

<1)  <bii(ja>)  =  F{^n(r)}  =  f  <f>n (r)e-J~T  dr 

J  » 

(2)  <I>n(jw)  has  no  phase  information 

(3)  4>u(j(v)  does  not  correspond  ur  uely  to  a  time  function 

(4)  d>u(jti>)  is  real 

(5)  <S>  ■■(./&>)  =  «I»i  i( — jb>) 

(6)  4>i  \(jw)  >  0 

(7)  <J>n(./u>)  contains  impulses  at  frequencies  contained  in  a  periodic  input. 
Physical  realizability  of  a  system  G(s)  can  be  determined  as  follows: 

(1)  |GO'<i>)|  is  realizable  if  the  Paley-Wiener  Criterion  is  satisfied: 

r  iioglG.o^j!]  dw<x 

J«  i  +  <i>* 

(2)  g(t)  is  realizable  if  g(t)  =  0  for  t  <  0  and  g{t)  -» 0  as  t  -*  » 

(3)  If  G(8)  is  a  ratio  of  polynomials,  it  is  realizable  if  all  the  poles  are  in  the  left- 
half  plane  (but  excluding  *  and  the  j w  axis). 
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17.4.6.11.  Design  Principles.  If  physical  realizability  of  the  system  is  not  conaideied, 
the  optimum  transfer  function  G„„,( ja>)  for  minimizing  the  mean-square  error  can  be 
found  from 


Gept(j U»)  — 


GAj  «) 


4>»  '.joi)  +  4 >u„(j<») 

where  =  power  density  spectrum  of  signal 

♦ »»(./«)  —  power  density  spectrum  of  noise 
Gd(jo))  -  desired  system  transfer  function 

If  physical  realizability  is  a  consideration,  the  optimum  transfer  Auction  Gop,(s) 
is  given  by 


where 


Gop,(s)  =  S“7nG<f(s) 

l4»(r(s)j  4>„+(s) 


4)|(  =  4>„  +  4>«,  =  4»k  *-  (s)4>,r(s) 


and  where  the  superscript  +  means  all  critical  frequencies  in  the  left-half  plane,  and 
the  superscript  —  means  all  critical  frequencies  in  the  right-half  plane. 

It  should  be  noted  that  this  design  is  based  on  the  assumptions  that  the  mean-square 
error  criterion  is  adequate,  that  3ignai  and  noise  are  stationary  time  series,  and  that 
a  linear,  series  compensation  is  desired.  The  problems  associated  with  this  method 
are  that  is  difficult  to  obtain,  the  derived  system  often  has  very  light  damping 

and  is  sensitive  to  parameter  changes. 
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18.  System  Design 


18.1.  Design  Procedures;  Generalities 

The  design  of  infrared  systems  requires  the  employment  of  many  engineering  approx 
imations,  compromises,  and  judgTnents  about  when  to  approximate  and  hew  to  com¬ 
promise.  This  chapter  provides  some  hints  and  some  equations  for  guidance.  It 
should  be  understood  that  not  all  of  them  necessarily  apply  in  all  cases 
The  formation  of  the  problem  usually  involves  specifications  or  at  least  judgments 
about  the  following;  this  constitutes  requirements  analysis: 

1 .  Function 

2.  Volume  of  coverage 

3  Volume  coverage  rate 
4.  Desired  resolution 
5  Range 

6.  Target  type 

7.  Background 

8.  Operating  altitude 

9.  Desired  output  form 

10.  Size,,  weight,  reliability,  eic. 

The  design  analysis  steps  can  often  be  thought  of  as: 

1.  Gross  implementation 

2.  Sersitivity  analysis 

3.  Scanning  or  tracking  analysis 

4.  Output  analysis 

Sensitivity  analysis  and  scanning  analysis  are  intimately  related. 

18.1.1.  Example  of  Procedure  for  Gross  Analysis. 

1.  Make  an  estimate  of  entrance-aperture  flux  density  from  the  target  radiation 
based  on  blackbody  radiation  and  some  chosen  emissivity —  or  a  better  quick 
estimate  if  available. 

2.  Estimate  background  fluctuations  in  about  the  same  way,  choosing  "goo  -” 
values  for  emissivity  and  temperature  changes  and  an  instantaneous  field 
of  about  1  mil,  or  one  matching  the  target. 

3.  Calculate  dwell  times  necessary  from  instantaneous  field,  total  field,  and 
required  frame  rate. 

4.  See  if  these  are  compatible  with  existing  optics,  detectors,  rotation  rates, 
reticle  spacings,  etc. 

5.  Either  refine  the  design  of  item  4,  or  "bend"  some  of  the  constraints,  or  change 
some  assumed  system  parameters  drastically. 
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18.1.2.  Sensitivity  Analysts.  Stated  in  its  simplest  terms  the  problem  is  to  cal¬ 
culate  the  ratio  of  the  target  signal  to  the  total  noise;  the  total  noise  can  usually  be 
calculated  as  the  sum  of  the  background  noise  and  the  system  noise.  Thus: 

1.  Calculate  the  spectral,  temporal,  spatial  characteristics  of  the  target  radiance 

2.  Calculate  the  attenuation  by  the  atmosphere  of  this  signal. 

3.  Repeat  items  1  and  2  for  the  background. 

4.  Assume  an  optical  system  (usually  /7l ,  50%  efficiency'  >md  choose  an  appropriate 
detector.  Calculate  system  noise  and  aperture  siz~  necessary  for  detection. 

5.  If  step  4  is  successful,  stop;  if  it  is  not,  choose  other  combinations  that  are  suc¬ 
cessful  —  possibly  changing  the  number  of  detectors  to  decrease  the  noise  band¬ 
width,  etc. 

After  this,  specific  parameters  and  special  problems  must  be  considered. 

18.2.  Equations  for  Sensitivity  Calculation 

Many  workers  prefer  to  calculate  the  noise  equivalent  input  on  a  step-by-step  basis. 
For  those  who  do  not,  the  equations  for  a  field-mapping  application  (target  smaller 
than  instantaneous  field  of  new)  and  for  tracking  (target  filling  the  field  and  target 
less  than  full  field)  are  given  below. 

Mapping  se’isitivity 

iiH  5*  f  NEP'  df 

To  vAAd 


Target-detection  sensitivity 
Target  >  field 


H(T,e,r)  ^  (K  +  ll£f(7\,Ci,r>  —  KH{Ta,  c0, 


r) 


i1(Ti,ft,r)  —  H(T0,fo,r)  *  &NEI 


Target  <  field 

AH(T,  «,  r)  s*  c rV*(*  +  l)H{Tl,  eu  r)  -  [vV2(*  1)  —  A]  H(T0,  ««,  r) 

NEP  (noise  equivalent  power)  for  scanning  systems  of  this  type  using  a  single 
detector  with  detectivity  D*  is 


NEP  = 


fd 

D*  T'l* 


NEI  (noise  equivalent  input)  is 


NEI  = 


NEP 

(ttZ)2/4)  e0y 


4 F  tl'i* 
irc0yDD*Tlli 


For  a  eystem  with  No  equal  detectors,  the  solid  angle  scanned  by  each  detector 
can  be  reduced  by  the  number  of  detectoru;  thus 


NEI  = 


4 F  Cl111 

irroyDD* 
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In  the  equations  above, 

A  =  target  area 
b  =  Planck  function 
D  =  diameter  of  entrance  pupil 
U*  —  detectivity 
F  —  focal  length 
3  =  focal  ratio 
H  =  irradiance 
k  —  confidence  constant 

K  —  ratio  of  target  signal  to  background  signal 
r  —  range 
T  =  temperature 

7  =  cystem  response  to  'arge.  radiation 
I  =  detector  relative  response 
f  =  emisaivity 

cr  =  Stef an  -  Bol  t  /man  \  constant 
To  =  atmospheric  transmission 
t0  =  optics  transmission 
ft  --  solid  angle 

Subscripts  1  and  0  =  specific  values 
18.3.  Optica!  System 

Toe  following  functions  are  usually  most  important  in  optical  system  design  gen¬ 
eralities: 

1.  Sensitivity,  use  large  relative  aperture  (flno),  large  apt-ture,  high  efficiency. 

2.  Background  discrimination:  make  instantaneous  field  equai  to  target  subtense. 

3.  Coverage:  large  enough  to  cover  required  area,  but  small  to  l  ’duce  scan  rates 

4.  Simplicity:  keep  simple;  light,  inexpensive,  etc. 

To  achieve  sensitivity,  a  field  lens  and  reimaging  technique  can  sometimes  be  used. 
A  lens  is  placed  about  where  the  piimar  image  is  formed.  It  is  made  lai  re  enough 
to  gather  all  the  rays,  end  usually  images  vh?  entrance  pupil  onto  the  detectc*s.  The 
optics  no  longer  in  uge  the  target,  but  they  uniformly  irradiate  the  detector  (see  Sec. 
1C.2.4).  The  affective  f!r.o  of  the  system  is  usually  the  angle  of  convergence  on  the 
detector  but  sometimes  includes  obscuration  effects.  Primary  op, .cs  are  chosen  'rom 
among  the  Schmidt,  Cassegrain,  Boc  rers,  and  Newtonian  telescopes.  Others  are 
sometimes  used,  and  perhaps  someday  lenses  may  be  used.  D  pending  upon  the  appli¬ 
cation.  the  entrance  pupil  or  the  image  plane  is  imaged  onto  the  detector. 

The  equations  for  imaging  the  image  are: 

L  =  2 F  tan  SI2 


(f  ~  tan  1  L!2o 


of 

o-  f 
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where  B  =  field  angle 

0  =  secondary  field  angle 
F  =  primary  focal  length 
f—  secondary  focal  length 
D  —  primary  diameter 
d  —  secondary  diameter 

L  =  maximum  linear  dimension  of  image  plane 
o  =  object  distance  for  secondary  lens 
i  -  image  distance  for  secondary  lens 

A  typica'  problem  can  be  stated  as  follows:  for  a  primary  objective  oi  diameter  D, 
image  distance  F  (focal  length  for  infinitely  distant  object  points),  and  total  field  angle 
B,  design  a  field  lens  which  collects  all  the  radiation  and  which  refocuses  the  image  at 
some  given  distance  a  behind  the  primary  focus.  The  designer  must  then  decide  how 
big  to  make  the  lens,  and  what  fjcal  IPiigth  £&Itd  what  field  of  view  to  use. 

The  equations  can  be  normalised  with  respect  to  L.  The  geometry  is  given  in 
Fig.  18-1.  The  equations  are 


d 

L 


Do  lo 

FL+ 1 L 


+  1 


6  =  arc  cot  2 &/.’ 


A  second  type  of  problem  calls  for  imaging  the  entrance  pupil  (usuaHy  the  same  ae 
the  aperture  stop  and  the  primary)  onto  the  image  plane  by  placing  a  iens  at  the  primiry 
image  Then, 

o  —  F  s 


d  = 


D 

F 


s  + 


L 


where  s  =  distance  of  lens  behind  primary  image. 

The  ar.gular  field  coverage  is  not  importai  t;  it  is  only  necessary  to  collect  all  the 
energy  and  "smear”  it  over  the  surface  of  the  detector. 
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18.4.  Scanning  Dynamics 

The  problem  is  to  choose  an  opii"  1  kind  of  scan  pattern 
realism  of  a  chosen  instantaneous  fide,  total  field,  frame  rete 
The  required  dwell  time  is 

t  =  a,  77  n 

where  o,  =  solid  angle  of  instantaneous  field 
fl  =  total  solid  angle 
t  =  dwell  time  per  detector  element 
T  —  allowable  field  time 
If  a  single  detector  is  used,  it  musi  have  a  time  constant  r  given  by 

t  —  t!f  ~  (uTigSl 

where  g  =  number  of  time  constants  per  dwell  time  (usually  1  to  3).  The  following 
equations  give  prism  rotation  r«7-38  and  instantaneous  fields  of  view  for  a  mapping  sys¬ 
tem.  (The  meanings  of  r,  ft,  a,  and  b  are  made  clear  in  F.g.  18-2.) 

s  =  V{2ngnp)  '(vl h)  (1  It) 

(t  =  \\2irn/gp)(ul\'iT 
b  *  Ha  sec*  6 


and  to  determine  the 
detector  number,  etc. 


a  =  erh  sec  6 


where  a  =  instantaneous  ang  dar  field  of  view 
p  ■■=  number  of  detector  elements 
s  —  prism  rate 

I  In  —  fraction  of  a  circle  scanned 
r  =  time  constant 
vlh  =  velocity-to-height  ratio 
If  an  array  of  N  detect  rs  is  used,  than 

_  N  w  r 

r=mT 


Usually  a  scanning  system  has  less  than  100%  duty  cycle.  Several  consequences 
are  possible  singly  or  in  combination. 

1.  Loss  field  is  covered. 

2.  The  field  is  co/ered  less  frequently. 

3.  The  scan  is  speeded. 

4.  More  detectors  are  added  or  other  design  changes  are  made. 

If  the  duty  cycle  is  increased,  the  dwell  time  can  be  increased: 


n  N  u,r 
r  =  Dr  —  -  T 

g  n 


where  Dr  ~  fractional  duty  cycle. 
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The  require©  bandwidth  is  related  to  the  time  of  a  single  look  at  the  instantaneous 
field  of  view.  To  a  good  approximation, 

A/1—  1/2 

18.5.  Scanning  Techniques 

ls.5.1.  Rotating  Wedges.  A  single  wedge  deviates  the  ray  by  the  usual  deviation 
equation  for  a  prism.  The  equations  are 

8  =  (*l  +  07  +  U 


sin  6j=~-  sin  |tt  — +  arc  sin  ^,sin  <h 

n '  .  f  / n  . 

=  —  sin  • «  +  arc  sin  |  —  sin  eh  }  ! 

n  L  Vn  /  J 


In  the  special  case  of  normal  incidence, 


sin  =  —  sin  a 
n 

where  n  -  prism  material  inde^ 
n  —  environment  index 
8i  =  incident  or  exit  angle 
a  =  pris  mg’.e 
8  -  deviation  angle 

The  refraction  takes  place  in  a  single  plane  so  that  a  ray  is  bent  only  in  one  direction. 
Assume  that  the  direction  is  thy  x  axis;  then  <h  is  8,.  As  the  prit  n  is  rotated  about 
the  z  axis,  the  angular  direct  ion  -'the  ray  changes.  The  resultant  angle  can  be  thought 
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of  as  the  combination  of  two  vectors  determined  by  the  position  of  the  prism  and  its 
refraction.  When  two  pnsms  are  used  in  series  the  deviations  are  combined.  Two 
angular  rotations  are  summed  vectorial iy: 

d  =  0i  +  6 ,  |0(j  -i-  \et\ 

a  here  on  is  the  rotation  rate  of  the  ith  wedge 

6/  is  the  phase  reference  to  the  x-axis  of  the  ith  wedge 

By  consideration  of  the  relative  rates  of  rotation  and  the  phase  angles  of  two  equal- 
angle  prisms  several  usofui  scan  patterns  can  be  generated: 

mi  =  an,  8i  =  a  circle  is  generated  as  if  there  were  a  bigger  prism 

mi  =  —mi,  $i  —  St  =  ir,  =>  a  point  results  as  if  there  were  no  prism 

mi  =  m;,  Si  ±  8*  =  k  a  circle  is  generated  w>i5i  phase  delay  and  reduced 

amplitude 

Mi  =  ±ku i,  k  =  constant  =£•  loops  within  a  circle  result;  the  greater  the  k  the  more 

loops 

mi  #  mi,  =£►  a  spiral  is  generated  with  loops  decreasing  as  the  in¬ 

equality  increases 

18.5.2.  Other  Scanning  Methods. 

Of  the  many  types  of  scan  pattern,  the  most  useful  ones  are: 

1.  Circular 

2.  Palmer 

3.  Spiral 

4.  Rosette 

5.  Hypocycloid 

6.  Raster 

The  circular  scan  can  be  generated  by  a  rotating  off-axis  mirror,  lens,  prism,  etc. 
Either  the  primary,  secondary,  or  a  folding  flat  mirror  or  a  wedge  can  be  used.  The 
radius  of  the  circle  depends  upon  the  angle  generated  and  the  distance  from  the  gener¬ 
ator  to  the  image  plane.  The  angle  of  ray  inclination  is  about  equal  to  the  angle  of 
inclination  of  a  lens,  usually  twice  the  angle  of  inclination  for  a  mirror  and  equal  to  the 
deviation  angle  for  a  prism  or  plate.  (These  deviation  considerations  apply  to  the  other 
scans  as  well.) 

The  Palmer  scan  can  be  gener.  ed  by  translation  of  the  circular  scan;  geometrical 
considerations  provide  dr.ta  on  overlap 

Spiral  scans  can  be  generated  by  a  second  motion  superimposed  on  the  rotating 
elements  providing  circular  scan.  The  motion  is  a  variable  tilt  angle. 

Rosettes  and  hypocycloids  are  generated  by  superimposing  two  circular  scanning 
motions.  Hypocycloids  are  generated  by  the  superposition  of  two  circular  motions 
If  the  slowly  moving  element  has  a  much  larger  deviation,  the  pattern  is  almost  a  small 
sinusoidal  excursion  on  a  circle.  The  number  of  loops  in  the  pattern  depends  upon  the 
relative  speeds  of  the  two  motions,  and  the  depth  of  the  "petals”  depends  on  the  relative 
angular  deviations. 

Rasters  are  usually  combinations  of  two  orthogonal  linear  motions. 

A  ’•aster  scan  is  usually  to  be  chosen  for  search  and  imaging  work  (particularly  when  no 
prior  position  information  is  available);  rosettes  and  hypocycloids  are  useful  for  tracking. 
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18.6.  Example  of  Design  for  a  Search  System 

This  discussion  of  the  design  of  a  representative  search  system  is  divided  into  (a) 
requirements  analysis;  ib)  design  analysis;  (c)  definition  of  primary  cystem  parameters; 
and  ( d )  specific  problems.  It  is  an  o  ltgrowth  of  one  author’s  specific  experience  and  as 
such  lapresents  a  combination  of  the  several  system  designs  in  which  he  was  involved. 
The  problem  is  to  design  a  ballistic-missi’.e  detection  system  operating  from  an  aircraft. 

18.6.1.  Requirements  Analysis. 

18.8.1.1.  Target  Radiation.  The  assumed  target  for  this  discrssion  is  a  solid-fueled 
missile;  this  can  be  crudely  approximated  by  a  10Q0UC  blackbody  that  provide?  a 
total  ice  ant  intensity  of  200,000  w  sr  The  altitude-time  profile  of  the  target  is 
parabolic,  reaching  300,000  ft  in  100  sec. 

18.6.1.2.  Problem  Geometry.  The  range  at  which  ballistic  missile  detection  is 
generally  desired  requires  consideration  of  earth  curvature  to  define  the  limiting 
conditions  of  detection  range. 

To  find  the  maximum  sighting  range  to  the  target  at  any  given  altitude,  one  must 
calculate  the  sum  of  the  target  distance  and  sensor  distance  to  a  line  tangent  to  the 
effective  horizon.  The  altitude  of  the  effective  horizon  above  the  surface  of  the  earth 
is  a  function  of  cloud  cover  and  transmission.  One  must  find  a  proper  minimum  horizon 
altitude  ha  for  his  spectral  region. 

In  t'  is  sample  problem,  detection  of  the  missile  from  an  aircraft  at  40,000  ft  with 
the  horizon  at  30,000  ft  will  be  assumed.  The  result  of  the  calculations  described  above 
is  to  show  the  length  of  time  the  target  is  in  view  before  burnout  as  a  function  cf  target- 
sensor  range.  Such  a  curve  would  show  the  ti..  ovailaDle  for  detection  as  a  function 
of  problem  geometry.  This  geometry-directed  range  is  approximately  48C  n  mi. 

18.6.1.3.  Atmospheric  Transmission,  Radiation,  and  Spatial  Filtering.  The  trans¬ 
mission  of  the  atmosphere  is  required  to  determine  the  irradiance  from  the  target  in 
the  spectral  region  of  detector  response.  A  relatively  crude  calculation  of  transini  ision 
in  the  detector  bandpass  is  normally  adequate  in  defining  initial  system  design  param¬ 
eters.  For  purposes  of  this  example,  two  specual  bands  will  be  considered:  i.8  to  2.7  p 
(lead  sulfide)  and  3  to  5  p  (indium  antivr.onide).  Net  effective  integrated  transmission 
of  the  bands  will  be  taker,  as  30%  ovei  each  band.  In  «  real  problem,  if  selection  of  a 
wavelengin  band  of  operation  is  important,  detailed  analysis  of  the  transmission  sup¬ 
ported  by  repeatable  missile  radiation  analysis  is  desirable. 

The  radiation  associated  with  the  atmosphere  and  discrimination  against  it  in 
favor  of  a  real  target  is  often  the  mast  significant  atmospheric  effect  in  infrared  sys¬ 
tems.  In  the  current  analysis,  the  problem  would  be  that  of  thunderheads  and  cloud 
tope  presenting  possible  false  targets.  The  most  direct  approach  in  achieving  this 
discri’-ii nation  is  to  recognize  that  the  real  target  is  far  more  intense  per  solid  angle 
of  its  subtense  than  the  background.  Thus  the  search  system’s  instantaneous  field 
of  view  is  made  as  smell  as  f€;asible.  The  background  radiation  ir.  the  field  and  gra¬ 
dient  effects  (cloud  edjes)  are  then  minimized.  The  worst  background  level  from  sun 
reflection  may  be  approximated  by  10  *  w  cirr*  sr-'  v:ith  a  6000°K  spectrum  which 
when  viewed  through  the  approximate  30%  atmospheric  transmission  yields  3  x  10  * 
w  em  *  (of  eperture)  i~  '.  From  self-emission  through  the  30%  atmosphere,  the 
irradiance  at  the  entr  mce  pupil  is  also  approximctelv  3  x  )()■*  w  enr1  sr  1  with  a 
0°C  spectrum 

18.6.2.  Design  Ara  ysis. 

18.6.2.1.  Mode  of  C  Deration.  The  purpose  of  the  sample  search  set  is  detection, 
not  track- while-scan  ( *  surveillance.  When  it  has  provided  positive  identification 
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of  a  tai^et  am!  sufficiently  accurate  angular  information  for  other  equipment  to  operate 
on  the  target,  its  function  is  complete. 

A  d<  tection  is  defined  if  a  target-like  signal  is  seen  on  two  successive  scans.  The  two 
detections  are  necessary  because  of  the  existence  of  nongaussian  "noise"  such  as  power- 
supply  transients  in  a  system.  Such  a  two-detection  system  is  better  than  a  two-out- 
of-three  system  because  (neglecting  the  effects  of  nongaussian  noioe)  it  can  be  showr. 
that  designs  for  three  detections  have  reduced  the  sigr.al-to-n&i3e  ratio  by  a  factor  of 
V2/3  (82%).  The  higher  signal-to-noise  ratio  achieved  in  the  two-detection  system 
more  than  offsets  its  lower  probability  of  detection. 

The  azimuth  coverage  will  be  360°.  The  range  will  be  90%  of  the  geometry-limited 
range,  or  433  n  ini.  The  frame  time  is  defined  by  the  requirement  for  two  full  scans 
in  the  time  the  target  moves  from  the  1  Ititude  corresponding  to  90%  of  range  to  burnout. 
This  gives  a  viewing  time  of  6  sec  and  a  resulting  frame  time  of  3  sec.  Selection  of  an 
elevation  of  field  of  view  in  this  kind  of  detection  system  involves  the  problem  of  mini¬ 
mum  range  of  operation  of  the  "defense  screen.’’ 

Now  one  plots  the  altitude  of  the  horizon  line  against  range  from  the  defense  aircraft 
and  the  missile  altitude  two  frame  times  after  crossing  the  horizon  altitude  line.  From 
this  one  computes  or  plots  the  elevation  angle  coverage  necessary  to  obtain  detection  as  a 
function  of  minimum  range  operation.  For  purposes  of  this  problem,  a  minimum  range 
of  40  n  mi  will  be  assumed,  and  for  an  assumed  missiio  velocity  profile  at  40  n  mi, 
the  elevation  coverage  required  is  3°. 

18.8.2.2.  Wavelength  of  Operation..  Two  wavelength  regions  1.8  to  2.7  p.  and  3  to 
5  p,  will  at  least  initially  be  carried  as  parallel  analyses.  To  a  first  approximation 
sensitivity  of  the  two  systems  to  the  1000°C  blackbody  target  will  be  sufficiently  close 
together  so  that  the  choice  of  wavelength  must  be  based  on  other  factors.  These 
factors  include: 

Background  discrimination:  Discrimination  at  3-5  p  with  similar  techniques  ia 
better  than  that  achievable  at  1.8  to  2.7  p. 

Complexity  and  cost:  Operation  at.  3  to  5  p  requires  cooled  detectors,  with  attendant 
problems  of  complexity  and 

Detector  time  constant:  In  order  to  achieve  background  discrimination,  small  instan¬ 
taneous  field  of  view  a  id  the  resultant  high-speed  scan  is  desirable.  This  requires 
the  use  of  a  shoi* -time-constant  detector  which  would  be  more  readily  available 
at  3  to  5  p. 

The  trade-off  is  then  one  of  cost  and  complexity  with  reduced  background-discrimina¬ 
tion  performance. 

18.6.2.3.  Sensitivity.  Effective  target  radiation  from  the  1000°C  source  radiati.ig 
200,000  w  sr-1  through  a  30%  transmission  atmosphere  between  1.8  and  2.7  p  is: 

•Saa  —  (S,e,a()(%  ir.  band/ atm  transm.ssion) 

7  =  (20Q,000)(0.25)(0.3) 


In  .he  3-5 -p  band, 


=  15,000  w  sr-1 

S3  J  -  (200,000)(0.32)(0.30) 


=  19,200  w  sr~ ' 
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At  the  maximum  design  detection  range  of  433  n  mi, 

S i.HI  7 


■W I  .»»-*.  7  — 


A  mu 


13,000 


(433)*(6080)*(  144)(6.45 1 
=  2.3  x  101*  w  cm-* 


19,200 

“  6.46  x  1011 
=  3.0  x  10-'*  w  cm-' 


If  background  radiation  in  the  instantaneous  field  of  view  is  to  be  about  that  of  the 
target,  the  required  field  of  view  to  discriminate  against  sun  scatte  ing  at  1.8  to  2.7  /x  is 


H 


w  = 


fqrp«»/ 


N,vn  reflection*  (sun  radiation)  (reflection)  (%  in  band) 

2.3  x  10- «« 

“  (3  x  10  s)(0.05) 

=  1.5  x  J.C-<  sr 

For  the  3-5 -/x  band,  the  angular  field  of  view  needed  fer  disci  inclination  against 
sun  reflections  is 

w  = 


3  x  10 


(3  x  10  >)(0.015) 
—  6.7  x  1C-*  sr 


The  self-emission  (0’C  source,  3  x  10  s  w  an'1  sr-1)  is  less  than  1%  of  total  in  the 
3-5- n  band  and  »o  is  leas  of  a  problem  than  sun  reflection.  No  consideration  has  been 
given  to  the  practical  problem  of  small-detector  fabrication. 

It  is  now  possible  tc  define  the  dwell  time  of  a  target  in  the  instantaneous  field  of 
view  consistent  with  optimized  background  discrimination  as  a  function  of  the  number 
of  detectors  in  the  search  system,  for  the  moment  again  without  consideration  of  the 
practical  problem  of  fabrication  of  miniscule  detectors. 


T 


=  3(1.5  x  1Q-»)N 

'(..8-1.7)-  (2t7)(3/57  3) 

=  (1.4  x  10-7)N  sec 

Similarly, 

_  3(6.7  x  10~*)N 
(2ir)(3/57.3) 

=  (6.0  x  10-,)A»'  sec 

At  this  point  it  appears  that,  even  for  N  —  100,  if  the  practical  problems  of  small- 
detector  fabrication  are  solved  ?c  that  spatial  filtering  to  very  small  angles  ib  achieved, 
the  use  of  lead  sulfide  in  the  <  3-2. 7- p.  band  must  be  eliminated  on  the  basis  of  the  time 
constant.  On  the  o trier  hand  had  sulfide  can  be  considered  if,  instead  of  an  individual 
detector  field  of  view  of  0.015  to  0.067  fi  sr  1  (linear  square  of  0.1  to  0.3  mrad).  the  in¬ 
dividual  field  is  1  /x  steradian  or  more  with  background  rejection  by  other  techniques. 
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To  define  system  sensitivity  requirement,  the  signai-to-i  e  ratio  required  to  provide 
a  specified  probability  of  detection  consistent  with  a  specified  false  alarm  rate  must 
be  defined. 

It  will  be  assumed  that  one  false  alarm  per  107  sec  is  tolerable.  A  false  alarm  is 
defined,  as  repetition  of  a  false  signal  on  two  successive  scans  within  an  area  of  100 
(10  x  10)  resolution  elements.  It  is  assumed  that  processing  in  a  computer  will  provide 
this  logic.  With  one  scan  (.very  3  sec,  m  10'  sec,  there  are  3  x  10®  scans.  There  are 
also  essentially  3  x  10®  successive  pairs  of  frames  (1  and  2,  2  and  3,  etc.'.  The  proba¬ 
bility  of  detection  per  successive  scan  pair  required  is  then  about  (3  x  10®)  *,  or  about 
3  x  10  7.  \ny  single  scan  may  be  paired  with  the  preceding  or  the  following  scan, 
so  that  single  scan  detection  probability  must  be 

2  P,  m,!  =  3x  10  7 

Pi  =  4  x  10 -« 

To  define  the  required  operating  threshold  relative  to  rms  noise:  the  nu.nber  of  noise 
peaks  per  second  is: 

ftp  -0.775  A  f 

also, 

/upper  —  1/2/ 

thus 

hp  =  0.39// 

The  number  of  noise  peaks  in  100  dwell  times  is  tiien  39.  The  probability  if  any 
single  peak  being  above  threshold  must  then  be: 

4  x  10  V39  =  1.0  x  10  8 

From  gaussian  probability, 

P(/>  <  y  \'To  =  1.5  •  -  1 

the  threshold  v  is  computed  as  4.9  times  the  ms  noise. 

18.6.2.4.  Probability  of  Detection  and  Required  Signal-to-f  ’oise  Ratio.  For  purposes 
of  this  problem,  the  probability  of  dctectic.i  wil’  be  taken  as  99.8%  for  the  two  ?can 
situation.  The  single-scan  probability  of  detection  must  then  be  V99.8%,  or  99  9%. 
With  the  threshold  u>)  set  at  4.9  times  rms  noise,  the  required  signal-ta noise  ratio 
for  99. 9%  single-scan  probability  of  detection  is  8.2.  To  achieve  this  signal-to-roise 
ratio  on  the  target  signal,  the  noise  equivalent  input  of  the  system  for  operation  in 
the  1.8-2. 7-^i  band  is: 

NEI,.h2 t  =  2.3  x  10  ll/8.2 

=  2.7  x  10  13  w  cm  ! 

Similarlv, 

NEI-n  =  3  x  10  ,J/8.2 

—  3.6  x  10  13  w  cm  1 

18.6.3.  Definition  of  Primary  System  Parameters. 

18.6.3.1.  Sensitivity  Parameters.  It  will  be  shown  that,  to  a  first  order,  the  system 
may  be  defined  by  the  expression 


_  4D  'i* 

nDD *  u  VNT 


NEI  = 
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where  NEI  is  noise  equivalent  input 

fl  is  solid  field  angle  scanned  per  frame 
D  is  optic  diameter 
D*  is  detector  detectivity 
N  is  numb*  r  of  detectors 
T  is  frame  ;  ime 
e0  is  optical  transmission 


NEI..M.T  =  2.7  x  10  13  w  cm.  1 
The  values  for  inclusion  in  the  equations  are 

0  =  2 77(3/57. 3)  -  0.33  sr 


Then: 


T  —  3  sec 

D*  —  5  x  1010  cm  (w  sec)  12 


dVn  = 


5.2  V/Cf33 


5  x  10'°  V3(2.7  x  10  ,3) 
=  130 


For  3-5  p  and  v  ith  D*  =  5  x  10‘° 

dVn~  =  100 

18.6.3.2.  Selection  of  Specific  Values  for  D  and  N.  Selection  of  specific  D  and  N  to 
achieve  the  required  sensitivity  involves  trading  off  size,  weight,  complexity,  and  relia¬ 
bility,  and  detector  array  availability  as  well  as  scan-pattern  generation  if  the  full  3° 
elevation  field  is  not  covered  by  the  array  (say  to  meet  background  rejection  by  filtering). 

Neglecting  spatial  filtering  for  the  moment  and  considering  current  detector  array 
availability,  a  10-in.  aperture  with  25  lead  suifide  or  15  liquid-nitrogen-cooled  indium 
anHmonide  detectors  would  seem  to  be  a  reasonable  compromise.  The  fields  of  view 
and  dwell  time  of  square  detectors  are: 

1.8-2. 7  p 

<e  =  =  0.01 4°2  =  4.3  p  sr 


A  O 

%  =  ■  ( 1.4  x  10  7)(25)  =  1.0  msec 

0.015 

<j-  j  fX 

w  =  =  0.04°2  =  12  p  sr 

T0  =  ( 6. 0  x  10  7 )( 1 5 )  =  1 . 6  msec 

0.067 


With  the  lead  sulfide,  the  dwell  time  is  essentially  at  the  reasonable  time-constant 
limit.  The  ratio  of  maximum  or  worst  background  power  to  target  power  in  the  field 
is  4.3/0.015  ~  300.  If  pulse  length  or  cloud  edge  slope  discrimination  can  be  used 
to  decrease  this  ratio,  the  lead  sulfide  system  may  be  operable. 
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The  most  promising  system  from  a  performance  standpoint  is  indium  antimonide 
where  the  ratio  of  worst  background  to  signal  detection  is  12/0.067  ~  180.  However, 
since  the  dwell  time  of  1.6  msec  is  far  from  detector  time  constant  limited,  it  may  be 
possible  to  reduce  the  detector  width  to  0.3  mrad  (0.003  in.  in  the  10-in.  fll  system) 
thereby  giving  a  worst  background  signal  only  15  times  target  radiation  and  offering 
better  hope  of  pulse-length  discrimination.  This  indium  antimonide  system  with  pulse- 
length  discrimination  would  be  the  primary  system. 

18.6.3.3.  Other  System  Faro  meters. 

O i  The  3°  field-of-view,  f/l  system  requiring  resolution  of  0.2  mrad  at  1.5°  off 

axi*-  hin  current  design  capacity. 

S_  Slock  Diagram.  For  the  signal -processing  gimbal  drive  and  stabilization, 
see  big.  18-3. 

Cooling.  A  closed-loop  liquid-nitrogen-transfer  system  can  be  developed  for  this 
.triplication. 

Signal  Processing.  The  primary  signal  processing  system  uses  separate  solid-state 
preamplifiers  for  each  detector  and  is  within  the  state  of  the  art  for  lead  sulfide  or 
indium  antimonide.  A  hard  age  loop  referenced  to  a  common  buss  is  used  to  insure 
that  the  average  noise  level  out  of  all  detectors  is  the  same.  Saturation  of  the  age 
signal  only  slightly  above  noise  peaks  (say  10  to  11  times  rms  noise)  insures  that  any 
strong  signals  will  not  seriously  degrade  channel  sensitivity.  The  outputs  of  the 


Fic.  18-3.  Possible  signal  pressing. 
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Fig.  18-4.  Alternate  signal  processing. 


detectors  are  commutated  using  diode  logic  matrices  A  threshold  set  at  5.3  times 
rms  noise  is  used  at  the  output  of  the  commutator.  Signals  above  threshold  are  avail¬ 
able  for  display  and  computer  logic  use. 

Alternate  signal  processing  is  shown  in  Fig.  18-4,  for  recording  only  and  for  separate 
age  and  threshold  before  commutation.  Choice  of  threshold  before  or  alter  commuta¬ 
tion  *8  a  detail  design  decision. 

Because  of  the  continuous  rotation  of  the  scannej  and  the  resultant  need  for  slip 
rings,  location  of  the  commutator  cn  the  gimbals  would  be  very  desirable.  The  pre¬ 
amplifiers  should  be  placed  close  to  the  detectors. 

A  continuous  rotation-stabilized  scan  is  to  be  used.  This  command  is  generated 
by  a  driven  resolver.  It  is  stabilized  from  a  vertical  reference  system  to  provide  azimuth 
and  elevation  gimbal  position  commands  and  detector  roll  stabilization.  The  scan 
will  he  parallel  to  the  horizon  to  avoid  crossing  the  high  gradie  it  of  the  horizon.  Azi¬ 
muth  ar.u  elevation  stabilization  are  conventional  in  search  systems.  The  detector 
rolt  stabilization  serves  in  large  vehicle  roll  angles  to  maintain  full  field  coverage. 
Because  of  the  symmetry  of  the  optics,  the}  need  not  be  roll  stabilized 

Scan  position  pickoff  will  be  generated  fre  n  the  azimuth  program  command.  Servo 
slaving  errors  will  be  made  small  enough  to  make  this  ar  accurate  indication  of  posi¬ 
tion.  Elevation  position  from  commutator  drive  will  also  be  provided  to  computer 
and  display 

18.7.  Tracking  System  Design 

In  order  to  develop  and  dneuss  problems  which  are  related  to  track  system  design, 
a  specific  problem,  that  of  tracking  aircraft  from  an  aircraft-borne  tracker  will  be  used. 
Analogies  to  other  combinations  can  be  drawn  by  the  system  designer. 
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18.7.1.  Conception. 

18.7.1.1.  Acquisition.  In  the  conventional  system,  a  search  set  (which  may  be 
integral  with  the  tracker)  wih  have  defined  the  target  position  with  soma  accuracy. 
This  acquisition  field  of  existing  systems  is  about  2°  to  4°.  In  general,  also,  the  target, 
will  be  at  a  relatively  long  range  so  that  problem  geometry  cannot  include  ery  large 
angular  rates  of  the  line  of  sight.  The  problem  of  acquisition,  then,  is  generally  to 
bring  a  quasistat’onary  target  to  the  boresight  of  the  tracker  in  a  time  which  is  short 
compared  with  the  total  problem  time.  Problem  time  in  air-to-au-  intercept  will 
actually  be  measured  in  tens  of  seconds  so  that  acquisition  time  is  0.33  to  0.5  sec  from 
initiation  oC  the  acquisition  cycle.  In  a  linear  system,  this  defines  a  3ervo  loop  band¬ 
width  whose  response  is  about  0.1  sec  or  a  closed-loop  frequency  of  10  rad/sec.  Whether 
a  linear  system  is  used  in  acquisition  is  a  func;ion  of  overall  system  considerations 
including  such  factors  as  whether  acquisition  and  track  use  the  same  error-sensing 
and  servo-loop  logic  and  the  specifics  of  error-sensing  techniques. 

18.7.1.2.  Track.  It  can  be  shown  that  in  air-to-air  intercept,  once  a  target  has  been 
acquired,  a  second-order  track-loop  servo  and  stabilization  against  aircraft  motion  can 
keep  track  errors  to  less  than  1/4°.  Thus,  the  track  field  of  view  diameter  may  be  made 
as  small  as  1/2°.  Some  advantages  of  using  the  small  track  field  are: 

1.  Increaseo  sensitivity,  allowing  continued  track  if  target  radiation  is  reduced  by 
aspect  or  target  use  of  radiation  suppression  techniques 

2.  Background  discrimination,  including  ca°-  $  in  which  the  target  may  move  across 
severe  backgrounds  such  as  the  horizon  or  bright  cloud  edges.  The  small  field 
reduces  the  probability  of  severe  background  in  the  field  and  the  intensity  of 
these  backgrounds  when  they  do  cross  the  field. 

3.  Decoy  discrimination,  in  which  any  flares  are  dropped  by  the  target  will  be  less 
effective  because  of  the  use  of  the  small-field  second-order  servo. 

Practical  difficulties  have  generally  discouraged  switching  field  size  in  existing 
systems. 

18.7.1.3.  Sensitivity  Analysis.  A  similar  sensitivity  analysis  to  that  devised  for 
a  search  system  may  be  applied  to  ».  track  system,  that  is,  limiting  optimized  sensitivity 
defined  by  the  system  parameters  of  field  of  view,  frame  time  (or  servo  response  time), 
and  number  of  detectors  (as  well  by  the  physical  parameters  of  optics  diameter  and 
detector  s  D*).  For  purposes  of  this  analysis,  it  will  be  assumed  that  the  system  is 
operating  properly  if  quasictationary  target  tracking  is  maintained  within  the  tracker's 
field  of  view  under  the  influence  of  internal  random  noise  and  drift  disturbances. 

The  Hack  loop  may  be  divided  into  three  basic  elements-  an  error  fensor  whicn 
generates  an  electrical  signal  as  a  function  of  target  error  angle:  a  demodulator  which 
processes  the  signal  into  the  form  necessary  to  drive  the  gimbals,  or  its  equivalent; 
and  the  gimbal  drive,  which  generally  acts  as  the  smoothing  element  in  the  loop.  The 
loop  is  closed  from  the  gimba!  drive  to  the  error  sensor. 

Three  primary  classes  of  error-modulation  techniques  have  been  used:  fl)  amplitude 
modulation,  where  off  axis  error  is  a  function  of  percentage  modulation  and  phase 
defines  polar  direction;  (2i  frequency  modulation,  where  error  is  propor+ional  to  devia¬ 
tion  and  polar  sense  to  phase  of  the  deviation;  and  (3)  pulse  position,  which  is  a  track- 
while-scan  technique. 

It  should  be  emphasized  that,  in  a  modulation  error-sensing  track  system,  the  error 
information  is  contained  in  the  modulation,  not  in  the  carrier.  The  modulation  signal- 
to-noise  ratio  for  maximum  erio:  signal  as  seen  at  the  servo  filter  (which  it  is  assumed 
is  maintained  at  a  constant  closed-loop  frequency  by  age  or  clipping  as  required)  that 
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aetermir.es  whether  t-acking  will  be  maintained.  The  signal-to-noise  ratio  required 
in  the  servo  bandwidth  may  be  defined  by  recognizing  that  a  noise  pulse  in  this  band¬ 
width  equal  to  the  full  modulation  error  signal  will,  to  a  st  order,  result  in  motion 
of  the  system  to  remove  the  target  from  the  field  of  v-sw.  If  it  is  desired,  then,  that  in 
100  ti  me  constants  the  probability  for  loss  of  track  is  to  be  1%,  this  requires  a  probability 
of  10  per  time  constant.  To  find  the  signal-to-noise  ratio  corresponding  to  this  proba¬ 
bility.  reference  is  made  to  the  search  false  alarm  analysis,  modified  to  correspond  to  a 
carrier  system.  The  number  of  positive  peaks  per  integration  time  N,  is  found  as 

fol.ows:  F 

T  =  1/277  If 

N  =  0.64  V 

NT  -  1/277(0.04)  «  0.25 


Since  cither  "positive”  or  " negative”  peaks  can  cans*1  loss  of  target,  2 NT  is  used,  or 
C.5  peal  s  per  servo  time  constant.  The  probability  of  a  noise  pulse  to  bt  used  is  thus 
2  x  10  1  and  the  signal-to-noise  ratio  required  i.i  the  servo  loop  bandw.dt  '<  is  approxi¬ 
mately  4  5.  This  ratio  may  then  be  traced  back  through  the  demode  rt’on  block  to 
define  required  error  sensing  signal  to  noise.  If  the  demodulation  process  is  linear 
(synchronous),  the  computation  is  simple.  The  selection  of  a  modulation  frequency 
and  bandwidth  is  not  generally  significant,  and  performance  is  defined  by  the  servo 
bandwidth.  For  the  more  usual  nonlinear  demodulation  process  'AM  detection,  FM 
discriminate r  detection,  etc.)  the  signal-to-noise  ratio  of  the  carrier  system  required 
to  achieve  4.5  in  the  servo  bandwidth  is  generally  greater  than  that  for  the  linear 
system  and  system  performance  is  net  optimized.  This  poor  sensitivity  match  between 
optimized  and  realized  systems  stems  from  servo-loop  stability  considerations,  e.g.,  the 
sampled  data  pi-obiem  in  a  track-while-scan  system.  To  reduce  the  servo  phase  lag  from 
the  sampling  process  to  less  than  20°,  the  sampling  frequency  must  be  10  times  the 
servo  bandpass.  For  a  10°  lag,  a  ratio  of  approximately  20  is  required.  In  real  systems, 
the  lags  from  low-frequency  shaping  and  high-frequency  cuts  as  well  as  gain-stability 
variation  are  such  that  all  controllable  lags  must  be  kept  low. 

A  track -whiles 'an  system  is  usually  designed  with  a  threshold  applied  to  detector 
output,  after  which  error  is  found  by  pulse  time  or  position  in  a  demodulator.  With 
this  now  linear  (threshold)  detection  process,  the  result  of  the  required  high  scan 
rate  (10  times  servo  response)  is  to  reduce  the  signal-to-noise  ratio  by  VlG  --  3.3  com¬ 
pared  with  the  optimized  system  which  provides  new  information  at  the  servo  response 
rate.  A  similar  level  of  problem  exists  in  the  other  nonlin°ar  detection  systems  (includ¬ 
ing  AM  and  FM  discriminator). 

18.7.1.4.  Field  of  Vien,  Servo,  and  Accuracy  Analysi-.  It  has  already  beer,  indi¬ 
cated  that  acquisition  field  size  is  defined  by  search-system  target-pointing  accuracy 
and  that  the  trac':  field  may  usually  be  made  quite  small.  The  factors  defin’ng  track- 
field  size  induce: 


(1)  Maximum  target  crossing  velocity  component  at  minimum  range,  \lm,  defined 
from  tactical  analyses  and  provided  as  inputs  to  the  infrared  system  design. 

(2)  Target  maneuver  capability,  provided  as  inputa  to  the  infrared  system  design. 

(3)  Imperfect  stabilization  under  own  vehicle  motion  resulting  from  infrared  sys¬ 
tem  stabilization  dynamics  and  vehicle  input  motion.  Vehicle  motions  are 
provided  as  inputs  to  the  infrai  d  system  design. 

(4)  Biases,  nonlinear  fric  ion,  and  other  design  limitations  of  the  infrared  system. 
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The  track  loop  frequency  response  will  generally  be  (  -.  2-6- 12  although  6-18-6-12  and 
others  hav< •  also  been  used.  The  first  breakpoint  from  6  db/octave  to  1 2  db/octave  occurs 
at  a  frequency  low  enough  to  exceed  problem  time  (1/ou  >  problem  :.ime).  The  second 
breakpoint  (12  to  6)  occurs  at  approximately  one-third  crossover  (0  db  gain)  frequency 
and  the  6  db  slope  exists  for  stability  considerations.  The  ratio  of  W(o2  —  10  and  the 
last  slope  exists  to  eliminate  high-frequency  noise  from  the  system.  The  ratio  w3/w2 
=  10  provides  for  system  stability  over  normally  expected  tvsttm  gain  variations 

The  problem  of  acquisition -error  curve  shape  and  servo- loop  soaping  to  place  the 
target  in  the  track  field  of  view  will  be  considered  under  assumptions  that: 

(1)  Acquisition  and  tr  ck  modes  have  a  common  front  end. 

(2)  Acquisition  ^rvo  shaping  is  optimized  separately  from  track  shaping. 

The  common-front-end  consideration  dictates  the  desirability  (in  AM  or  FM  systems) 
of  full  error  modulation  over  the  smaller  track  field,  since  this  optimizes  track  accuracy 
and  background  discrimination.  Thus,  the  desired  error-curve  share  in  such  systems 
would  be  linear  as  far  as  the  track  field,  with  full  modulation  at  maximum  expected 
track  error,  and  then  fiat  as  far  as  the  edge  of  the-  acquisition  field.  Background 
discrimination  in  track  is  aided  by  the  nonlinear  error-curve  shape  (compared  with  a 
linear  error  curve)  since  elements  outside  the  track  field  contribute  no  more  modulation 
than  those  within  it. 

In  the  pulse-position  system,  the  common  acquisition  and  track  fields  present  no 
problem  since  a  linear  error  curve  ma;-  be  indefinitely  extended  for  acquisition,  with 
no  loss  in  track  accuracy.  Track-field  sensitivity  does,  however,  decrease  with  such 
an  increased  field.  During  trick,  background  discrimination  in  the  pulse-position 
system  may  be  achieved  by  logical  rejection  ot  any  error  sigwal  outside  the  ‘rack  field. 

If  acquisition  servo-loop  shaping  is  to  be  optimized  independently  of  track  shaping, 
the  acquisition  closed-loop  frequency  is  chosen  by  trading  off  sensitivity  and  acquisition 
time,  utilizing  maximum  tolerable  acquisition,  time  to  maximize  sensitivity.  To  i  effect 
(on  acquisition  time)  of  the  saturated  error  cu."'e  in  AM  and  FM  modulation  systems 
is  to  increase  acquisition  time  for  a  fixed  closed-loop  design  frequency  (assuming  this 
design  is  based  on  the  linear  portion  of  the  error  curve).  In  addition,  if  the  system 
must  remain  in  "he  acquisition  mode  when  it  is  within  the  track  field,  servo  stability 
may  be  adversely  affected  unless  a  simple  first-order  design  is  used,  since  a  6-12-6-12 
loop  design  will  cause  excessive  overshoot  at  the  reduced  gain  resulting  from  the 
saturated  error  cu  ve.  If  logical  switching  to  track  is  accomplished,  tne  tendency 
to  overshoot  may,  however,  be  successfully  used  to  shorten  acquisition  time,  provided 
proper  damping  of  initial  angular  rate  occurs  when  the  switch  to  track  is  achieved. 

18.7.2.  Sample  System. 

(A)  System  Input  and  Limitations.  The  parameters  o  round  which  the  sample 
system  are  to  be  defined  are: 

(1)  Target  Radiation.  1000  effective  watts  per  steradian  in  the  detector  wave¬ 
length  band  (3  to  5  ,z). 

(2)  Target  Motion.  Maximum  reqmrements  of  servo  response  will  be  based  on  a 
target  at  1  n  mi  range  witn  a  crossing  velocity  of  1 000  fps  and  a  4 -g  target  turn  at  1  n  mi 

(3)  Acquisition 

(a)  Field  of  view.  4°  diameter 
vi»)  Time:  0.3  sec 

(4)  Track  Accuracy.  2  mrad  under  worst  conditions 

(5)  Space.  Allowable  front-end  cross  section:  10  in.  diameter 


i  •*>**♦-: -iKT****?#*'- 
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\B)  Front-End  Description 

(U  Optics.  Allowing  for  covoimg  dome  cVxrance,  and  gimbals,  i  n  optics  d  am- 
eter  of  7.5  in.  may  reasonably  be  achieved.  An  ft  1  refractive  or  fold  id  catadrontric 
system  is  required  for  short  length  to  allow  or  maximum  gimb  :!  angle  cover ere.  For 
background  discrimination,  optical  resolution  of  1  mrad  or  lew  to  2°  off-axis  is  re¬ 
quired.  A  bandpass  filter  in  the  general  range  of  3  to  5  p  is  required.  Expected 
net  optical  transmission  ever  t>e  band  is  about  35%. 

(2)  Detector.  A  cruciform  detector  array  canted  45°  to  the  horizon  is  used, 
subtending  4.5°  along  each  axis  by  1  mrad  of  detector  width.  The  45°  angular  tilt 
results  in  a  scan  which  will  not  sharply  cross  the  horizon,  the  primary  background 
difficulty.  Detector  material  is  ind'Ufi  anumonide  with  a  peak  D*  in  the  band  of 
5  x  10,J  cm  cps1'*  w_l.  To  avoid  excessive  system  complexity,  the  same  detector 
and  scanning  should  be  used  in  acquisition  and  in  track  mode. 

(3)  Scanning.  Image  nutation  over  a  4°  is  caused  by  rotation  of  an  optical 
wedge  or  a  tilted  mirror. 

(4)  Track-Loop  Servo  Analysis.  Servo  requirements  of  the  track  loop  are  de¬ 
fined.  and  the  adequacy  of  acquisition  time  is  evaluated.  To  be  consistent  with  a  wer  -  t 
condition  of  2-mrad  error,  linear  dynamic  lag  is  maintained  at  1  mrad.  Tile  maximum 
angular  rate  may  be  calculated  as  9.6°  sec*1,  and  maximum  angular  acceleration  is  ap¬ 
proximately  1°  sec*.  Angular  acceleration  from  a  4 -g  target  turn  at  1  n  mi  is  1.2°  sec  *. 
Tne  effective  velocity  constant  must  then  be  170  sec~  ‘  at  U»e  'Time”  of  maximum  angular 
rate,  and  the  acceleration  constant  must  be  21  sec*.  Frequency  response  of  the  6-12-6- 
12  loop  to  achieve  these  K,  and  K0  values  will  result  in  an  8  rad  sec'1  crossover  fre¬ 
quency.  The  simplest  acquisition  computation  to  make  is  for  a  first-order  system. 
The  6-12-6-1 2  system  described  here  will  have  a  faster  response.  For  a  tar  get  2°  off-axis 
at  acquisition  and  an  8  rad/ sec  first-order  loop,  the  time  to  reduce  error  to  2  mrad,  or 
0.059  of  tl ;  initial  value  is  approximately  0.3  sec;  or  to  state  this  another  way,  specifica¬ 
tion  reduction  of  acquisition  error  to  less  than  1  mrad  requires  approximately  0.4  sec. 

With  the  8  r  ad/sec  cutoff  frequency  ,  the  required  information  rate  to  achieve  less  than 
10°  phase  leg  at  the  servo  closed-loop  frequency  corres’-onds  to  an  angular  freq’  ncy 
of  about  (20X8)  =  160  rad/sec,  or  160/2tt  --  25  pps.  Using  a  pulse-position  technique, 
with  a  small  track  field,  two  independent  error  pulses  per  scan  are  obtained.  Thus, 
a  scan  rate  of  about  13  epe  should  be  used  This  scan  rate  is  a  significant  parameter 
in  defining  the  sensitivity  of  a  pulse-position  error-generation  system. 

(5)  Sensitivity  and  Range  Calculation.  Having  defined  the  significant  front- 
end  parameters,  it  is  now  possible  to  compute  system  sensitivity  and  range  performance 
on  the  specified  target.  The  expression  for  noise  equivalent  intensity  (NED  is: 


NEI  =  - 


NEPr 

(A0)(f,)r 


where  NEPr  is  the  noise  equivalent  power  on  the  detector,  A,.  >s  the  optical  collecting 
area,  «„  is  net  optical  efficiency,  and  r  is  the  system  response  to  the  input  signal. 

NEPr  =  VA r  bf/D* 

where  Ar  is  cell  area  and  A/i&  bandwidth,  from  which  we  can  calculate 


NEI.  = 


Dm  (A.KOr 


I 


I 
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Optimum  bandwidth  i."  the  single-pulse  system,  assuming  a  sinusoidal  pulse,  is 

184  =013 
A/~(2  n)T  T 


With  a  4°  circle  scanned  at  13  epe  and  a  1-mrad  detector  width, 


Thus, 


r.SSSfflSS^oooo 35^ 


(ir)(4)>  13) 
0.3 


A  f  = 


0.00035 


=  860  cps 


Low  Ppss: 
able  as: 


Cutoff  in  the  present  example  is  100  to  200  cps. 

r  =  0.67 


Response  factor  is  deriv- 


Cell  Area:  Using  a  single  cell  per  arm, 

Ar  =  or 

where  il  =  solid  angle  and  f  =  focal  length.  If 

0  =  (0.001  )(4.5/5.r„  =  7.85  x  1 O'5  sr 
and  the  focal  length  is  7.5  in., 

Ac  =  (7.85  x  10  s)<7.5)*(6.45)  =  0.00285  cm* 
Aperture  area  has  been  given  as 


Aaprritrc  ' 2  7  (7.5)*(6.45)  =  285  cm* 

4 


Optical  efficiency  has  been  given  as: 


and 

Thus, 


e„  =  0.35 
D*  =  5  x  1010 


NEI  — 


V  (0.0285)(860) _ 

(5  X  1010)(285)(0.35)(0.67) 


1.5  x 


10* '*  w/cm* 


Signal-to-Noise  Ratio  for  Acquisition :  A  tolerable  false  alarm  rate  of  1  in  10  servo 
response  times  (once  in  10/8  =  1.25  sec  is  assumed.  Since  acquisition  does  not  require 
a  high  "hit”  percentage  of  signal,  50%  probability  of  detection  is  assumed. 

With  the  860-cps  bandwidth,  the  number  of  signal  peaks  in  1.25  sec  is: 

N,.k  =  (1.25)(0.775)(860)  =  800 


False  alarm  probability  is  then  1/800,  or  0.0013.  A  threshold  is  then  required  at 
4  times  the  rms  noise.  The  signal-to-noise  ratio  for  50%  probability  of  detection  is 
also  4.  Thus,  a  target  which  is  to  be  acquired  has  a  radiation  at  the  system  aperture  of: 

1  =  4  NEI 

=  6  x  10'1*  w/cm* 


% 


Detectable  Range  Target:  Assuming  30%  atmospheric  transmission,  a  l-kw/sr  target 
may  be  detected  at: 
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V  6  x  10  11 


-7.1  x  10J  cm 


=  38  n  mi 
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Comparison  of  Sensitivity  with  a  Servo  Bandwidth  Limited  System:  The  field  in  a 
servo  bandwidth-limited  system  is  effectively  scanned  once  per  servo  response  time, 
bid  a  signal-to-noise  ratio  of  about  6  is  required.  The  system  described  here  is  thus 
compared  v  ith  the  servo  bandwidth-limited  system  by  the  ratio: 

sensitivity-instrumented  system  _  6 
servo  bandwidth-lim»ted  system  4 

A  servo  bandwidth-limited  system  would  thus  have  twice  the  sensitivity  of  the  in¬ 
strumented  system. 

(C)  Block  Diagram.  The  block  diagram  of  the  sample  system  is  shown  in  Fig.  IP-5. 
By  tracing  through  the  significant  elements  of  this  diagram,  the  trade-off  logic  is 
demonstrated. 


8 


2rr(13) 


=  0.48 


Fig,  18-5.  System  bloc?'  diagram  for  track 
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(1)  Error  Generation.  Cruciform-detector  outputs  will  be  separately  amplified 
in  gair.-stabilized  amplifiers  with  strong  signal  limiting  to  avoid  amplifier  blocking 
by  saturation.  Amplifier  outputs  drive  threshold  circuits  to  remove  noise  from  the 
signal  at  a  level  defined  by  a  tolerable  false  alarm  rate.  The  threshold  outputs  crive 
error  demodulator  which  define  target  error  position.  These  error  de;.  lodulators  derive 
scan-position  irubrmation  from  a  reference  generator  located  at  the  nutation  drive  in  the 
optical  system.  System  logic  provides  (in  the  acquisition  track  switching)  that,  after 
initial  acquisition  (as  defined  by  error  dropping  below  a  critical  threshold),  the  threshold 
circuit  will  not  pass  signals  corresponding  to  errors  greater  than  those  expected  in 
ti  ack  (say,  1/4  degree). 

(2)  Target  Presence  Generation.  Whe*-  enable  logic  initiates  acquisition,  an 
interlock  baaed  on  detection  of  a  target  in  both  defector  channels  is  provided.  When  the 
*  vitch  to  small-field  track  mode  is  initiated,  the  target-presence  circuitry  operates  only 
on  track  field  signals.  Loss  of  signal  for  any  reason  should  probably  be  used  to  initiate 
a  return  to  the  search  mode. 

(3)  Stabilization  of  Track.  Two  stabi. ’izatien  components  are  used  in  this 

pie  system.  The  less  conventional  c  ;s  roll  stabilizf  ,n  of  de<  irs  for  Dackgrcimd 
discrimination  to  avoid  severe  horizon  crossing,  which  ina  '  ocriii  in  maneuvers  even 
with  the  45°  rotated  detectors.  This  roll  stabilization  need  be  or>ly  approximate  It 
receives  its  command  from  aircraft  instruments.  The  effect  of  detector  roll  position 
must  be  considered  in  error  generation  (reference  generator  affected)  and  in  coordinate 
rotation  of  the  error  signals  necessary  to  drive  the  conventional  azimeth-f  ,  ation 
gimbals. 

The  more  conventional  stabilization  is  that  about  tne  line  of  sight  to  the  target  to 
maintain  track  '  *ith  respect  to  the  tracking  airci  aft’s  maneuvers.  Before  one  considers 
the  analytical  p.  rameters  of  this  stabilization,  the  problem  of  placement  of  stabilization 
gyros  should  be  settled.  Conventionally,  they  are  placed  on  the  sighting  platform,  and 
if  space  and  heat-sink  problems  permit,  every  effort  should  be  made  to  locate  the  gyros 
on  the  IR  telescope.  If  this  is  not  possible,  a  separate  stabilization  platform  may  be 
provided  to  v  hich  the  sighting  hea  1  is  slaved  with  an  aided  rate  command.  This  tech¬ 
nique  has  been  used  successfully  on  at  least  one  infrared  equipment.  Sight  line  re¬ 
mains  to  the  target  since  the  position  loop  provides  at  least  one  integration  to  remove 
any  slaving  errors.  In  Fig  18-5,  stabilization  is  shown  using  ar.  auxiliary  platform. 

Analytical  treatment  is  independent  of  the  gyro  location.  An  electric-motor-driven 
geared  gimbal  system  is  adequate  fo.  this  class  of  equipment.  With  conventional  gear 
trains,  stabilization  closed-loop  frequency  is  generally  limited  to  8  to  15  cps.  In  this 
treatment,  a  65  rad/ sec  (~10  cps)  loop  is  assumed.  The  basic  loop  response  is  shown 
in  Fig.  18-6.  The  "long-period”  velocity  constant  is  980  sec-  \  and  acceleration  constant 
is  1950  Bee  *.  The  stabilization  loop  need  not  be  a  high-order  loop  below  frequencies 
at  which  the  track  loop  is  tightly  closed.  The  acceleration  constant  of  195)  s^r1 
means  that  a  1-miad  dynamic  error  may  be  maintained  under  acceleration  inputs  of 
approximately  1107sec*  as  seen  at  the  gimbals. 

(4)  Cooung.  Depending  upon  mission  time,  logistics,  and  weight  trade-off 
penalities,  an  open-loop  or  closed-loop  cooling  system  decision  may  he  made 

18.8.  Mapping  Systems 

18.8.1.  Requirements.  This  section  does  not  d.nl  with  the  problem  of  extracting 
the  information  from  a  map  (often  the  critical  element  lr_  mapping-system  utility)  but 
only  with  maximizing  map-information  content,  which  is  achieved  1  y  u>r  of  a  small 
resolution-area  detection  of  minimum  contrast  combined  with  scan  of  latge  field. 
As  usual,  reconciling  these  quantities  involves  compromise 
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13.8.2.  Buie  Sensitivity  Equation. 

18.8.2.1.  Detector-Noiie-Limited  System.  The  derivation  of  the  sensitivity  equa- 
tJon  for  a  detector-noise- limited  system  may  always  be  Btarted  from  the  simple  djtector- 
sensitiv’*'’  expression: 

NEP,- «  VX  aJ/d* 

and  the  resultant  overall  system  expression: 

_  NEPC  VAe&f  FD  /0.65n  F  lj[ 

(A.)(c.)r  D+Aetor  D*{nD*H)e0r  \  Tj  D*De0r\Tf 

The  detectable  signal  may  be  found  by  computing  the  incremental  signal  at  the 
aperture  and  setting  it  equal  to  the  NEI  multiplied  by  some  constant.  This  constant 
for  detection  in  a  single  resolution  element  would  have  to  be  same  as  for  a  point  detec¬ 
tion  system  (about  4  to  7  times  the  NEI).  However,  with  the  element-to-element 
integration  of  a  map,  larger-area  information  is  derivable  at  a  lower  signal-lo-noise 
ratio  down  to  below  unity  in  a  single  element. 

The  incremental  radiation  dW  may  be  found  from: 

W  =  eoT« 

dW  »  vT «  de  +  4f  «7 T*  dT 
=  WMdt  +  4 eW,b  y 

where  e  =  emissivity 

a  —  Stefan-Boltzmann  constant 

Wu  =  black  body  radiant  emittance  (e  =  1) 

Normal  system  vji  is  limited  by  detector  response  and  atmospheric  transmission 
to  a  spectral  band  less  han  (hat  essentially  encompassing  total  radiation.  Also, 
atmospheric  transmission  ms;  further  attenuate  the  signal.  The  incremental  radia¬ 
tion  dH  at  the  aperture  in  a  resolution-element  solid  angle  «  is  then: 

w  cm'* 


dH  =  (Wk,.kt  de  +  4 eW\,.x,  y)  r,  ~ 
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where  WK,  is  total  ciackbody  radiation  (over  a  hemisphere)  per  unit  area  in  the  in¬ 
terval  from  A i  to  At,  t a  is  atmospheric  transmission  in  the  Ai-A*  band,  and  oj/tt  is  the 
ratio  of  radiation  in  the  instantaneous  field  of  view,  w,  to  the  full  radiation  of  the  body 
over  a  hemisphere. 

For  a  tdven  background  environment,  it  is  seen  that,  within  practical  limitations 
such  as  detector  response  time,  the  product  cj  dt  or  o>  dT  permits  a  trade-off  between 
resolution  and  minimum  detectable  temperature  difference. 

'8.8.2. 2.  Background-Radiation-Noise-Limited  System.  Some  infrared  detectors 
are  background-radiation-noise-limited  when  they  view  an  ambient  temperature 
background.  A  design  for  this  type  of  detector  is  derived  n  this  section. 

It  is  assumed  that  the  detector  has  cold  shielding,  allowing  a  solid  angle  of  radiation 
acceptance,  0,  which  is  twice  that  jorresponding  to  the  geometric  /‘number,  5 ;  that  is 

0=2/5* 


It  will  also  be  assumed  that  temperatures  inside  and  outside  the  instrument  are  the 
same  and  that  by  reflection  of  similar  temperature  sources  the  net  background  within 
the  angle  to  may  be  approximated  as  a  blackbody. 

If  the  instantaneous  and  total  fields  of  view  of  the  system  are  w  and  O  and  the  frame 
time  is  7/,  :  Hector  area  Ac  is  related  to  ai,  5,  and  D„  by: 


The  dwell  time  on  target  is: 


Again  using  a  bandwidth 


0.65  0.65(1 


The  rms  noise  due  to  radiation  noise  in  a  bandpass  is  the  same  as  that  in  an  inte¬ 
gration  time 


1  wTr 
2A  /  1.30 


The  background  radiation  in  the  sensitive  band  A,  to  Aj  received  by  the  detector 
through  a  solid  angle  6  is 


W  =  HVvA  d-  =  HVx.otf  *D*  (— ) 
=  \  W'a.-a.oiD* 


If  the  de-octor  has  a  quantum  efficiency  Q,  the  number  of  effective  background  photons 
received  in  the  integration  time,  Ti,  is: 


Nb  =  Q 


W 

he/ kr 


=  0.49 


hc/Kr  1.30 
"  hcil 
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where  Xr  =  center  wavelength  of  Xi-X2  and  he  —  the  number  of  noise  photons  in  the 
integration  time,  Tt,  is: 


Ns  =  V Nn  =  ojD  \/(0.49l 


hcCi 


The  detector  NEP  is: 


NEP,  = 


^vr,  he 

~Ti  Qkr 


l.SClwD  f^~7n  QkrWs^Tj  he 

-qZtt  v  °'49  — Srf r~  z 


Then: 


NEPr  =  0.91D 


n 


!h _ 

\  K  QTf 


W 


x,-x. 


NEI 


NEPr 

A„e„r 


NEPr 
nD 1 

—  -  t„r 


0.91  D 


I  he  n 

VXr  QT/l'k' 


rrD* 


f0r 


with  ;  =  0.9 


=  (1  3) 


lETJ L  iv 

\  Xr  Q7>  X|A* 

De„ 


18.8.2.3.  Multiple  Detector  S;  Jem.  If  a  multiplicity  of  detectors  is  used,  the  total 
field  searched  per  frame  time  is  divided  by  Nn,  the  number  of  detectors,  and  computed 
sensitivity  is  improved  by  k/~Ni>,  or 


NEI  * 

VW„ 


It  must  be  noted  that  if  multiple  detectors  are  used  in  a  mapping  system  (and  they 
may  be  desirable  for  increasing  resolution  and  decreasing  the  required  detector  response 
time),  and  if  a  striped  map  is  to  be  avoided,  detector  responsivities  as  seen  at  the  output 
of  the  signal  processing  circuitry  must  be  matched. 

18.8.2.4.  Edge  Resolution  vs.  Signed  Strength.  The  term  instantaneous  resolution 
is  related  to  the  minimum  detectable  signal  level  and  is  limited  to  the  resolution  area 
of  the  detector.  In  the  presence  of  a  strong  signal,  however,  full  response  need  not 
be  achieved  to  define  an  edge.  To  a  first  order  then,  if  data-reducti<  n  techniques 
are  used  to  best  advantage,  the  usable  leso!  :tion  solid  ang.e  varies  inversely  88  the 
contrast  signal-co- noise  ratio  so  that  a  doubling  uf  signal- to- noise  ratio  contains  in¬ 
formation  allowing  half  the  resolution  of  an  isolated  edge. 

18.8.3.  Background-Limited  D*-Q  Trade-Off.  To  find  the  D*  Q  relationship 
defining  the  value  of  detector  T) *  that  is  equivalent  to  a  specific  value  of  Q  in  the  system 
configuration  defined  in  Section  18.8.2,  the  two  NEI  expressions  „re  equated 


I 
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_  J2E  w 

1.1  f  /n  .  V  kr  Qij  ■  • 
n*o«.  V;,  />«„ 

With  E  «  1,  W'a,.a,  =  (0.031X0.4) «  0.012,  ar.d  Kc  «  10/x(S-15-/*  band  at  0°C), 

—  =  5.4  x  1010 

Vq 


18.8.4.  Sample  System 

18.8.4.1.  Specific  Requirement s.  The  basic  requirement  'nay  be  stated  simply  as 
defining  a  low-altitude  mapping  system  to  operate  at  1000  feet  and  at  a  velocity  of 
800  fpe  ard  to  provide  a  thermal  map,  in  the  8-15-/*  atmospheric  window,  of  0.5  mrad 
resolution  (6  in.  at  a  nominal  tOOU-ft  altitude).  The  d'sircd  signal  detectivity  in  the 
exte.  ded  area  (unity  signal-to- noise  ratio)  is  1°C  against  a  nominal  0°C  background 
of  0.5  emissivity.  The  system  should  be  capable  of  operation  up  to  10,000  ft  at  800  fpe 
with  constant  optical  resolution  and  the  stabilization  required  for  production  of  good 
map  information.  Stabilization  and  image  motion  compensation  must  provide  for 
10%  imi  ge  smearing  iine-to-line. 

18.8.1.2.  Sensitivity  Computation.  As  the  basis  for  a  realizable  system,  a  D* 
corresponding  to  a  quantum  efficiency  of  0.1  will  be  assumed.  Neglect  time  constant 
fo'-  the  mcrfi  >nt;  the  optics  diameter  n  .cessary  to  achieve  a  signal-to-ncise  ratio  of 
unity  for  a  1  ’C  change  in  temperature  is  found  by  equating  the  signal  to  the  NET 


±}3  /ft 

D*De~,  XT 


dT 

T 


Oi 


Ta  — 
n 


The  values  for  the  parameters  are: 

3  =  1 

D*=  1.7  x  10,# 


e.  =  0.3 

ft  =  (0.5  x  10  *)(2jt),  assuming  for  simplicity  a  continuous  single  element  with 
—50%  dead  Hme  above  the  horizon  scan 

T  is  fo'-nd  from  v‘h  and  the  detector  dimension  along  the  flight  lir  e: 

0.5  x  10-» 

^’-SOO/lTOO  *  '•''-6X10  ’WC 


*  =  0.5 

for  0°C  and  8  to  15  p  =  (0.031X0.4)  -  0.0124  w  cm-* 

dT  =  _1_ 

T  275 


Ta  -  0  it 


*>  =  (0,5  X  10  *)*  =  0.55  x  10-« 


Solving  for  D, 


D  -  1 12  cm  =  44  in. 


This  is  certainly  an  unreasonable  dimension. 
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18.8.4.3.  Use  of  Multiple-Detector  Array.  The  aperture  is  large;  the  dwell  time  is 
short.  Thus . 


t 


0.25  x  tp  « 

(2 7r)( 0.5  x  10  3) 


(0.625  x  10  •’) 


=  5  X  10'®  sec 


From  both  »  sensitivity  and  a  time-cons  tar.  t  standpoint,  it  is  desrable  to  use  a  detector 
array. 

If  a  10-in.  aperture  is  to  be  used,  20  detectors  are  required  and  dwell  time  on  target 
is  10  ®  sec. 

18.8.4.4.  System  Configuration.  (1)  Front  End.  The  optical  system  and  detector 
array  are  mounted  on  a  roll-pitch  stabilized  platform.  Scan  is  by  a  45°  tilted  mirror 
continuously  rotating  about  an  axis  along  the  aircraft  heading  and  at  a  speed  defined 
by  vlh  input,  discussed  below,  The  nominal  operating  rotation  speed  will  be  80  rpe 
(800  fps  at  1000  ft  and  20  x  0.5  mrad  =  10  mrad  per  scan).  To  keep  the  image  properly 
placed  with  respect  ‘o  the  detector,  a  dove  prism  which  rotates  an  image  at,  twice  its 
own  angular  rate  is  'loed. 

Detector  cooling  may  or  may  net  be  on  the  stable  platform  depending  on  the  trade¬ 
off  between  liquid- transfer  problems  and  platform  size  and  weight.  The  detector  array 
ij  packaged  in  a  single  dewar  and  aligned  to  sight  along  the  flight  path.  The  detectors 
may  I»e  ct-  ggered  in  the  focal  plane  rather  than  in  a  single  Mrs  to  avoid  the  problem 
of  spacing  be' ween  detectors.  A  cold  shield  is  used  to  isolate  the  spectral  interval 
and  define  the  field  of  view. 

(2)  Signal  Processing.  The  main  problem  in  the  signal  processing  is  that  of 
maintaining  detector-to-detector  consistency.  To  do  this,  operation  must,  be  below 
detector  cutoff  frequency  no  that  detector  time  constant  is  uniquely  defined  for  all  ele¬ 
ments.  Amplifier  frequency  responses  must  be  cl  -  matched  using  stabilised  circuit 
techniques.  The  separate  channel  outputs  may  either  be  separately  recorded  by  multi¬ 
channel  means  or  may  be  commutated  by  high-speed  gates  sampling  3  times  per  dwell 
time.  Because  of  the  resolution  degradation  as  scan  departs  from  nadir  view  a  pro¬ 
grammed  reduction  in  the  number  and  choice  of  detectors  for  recording  may  be  used. 

(3)  Stabilization  Requirements.  Long-time  stabilization  must  be  better  than 
2  mrad  and  short-term  scan-to-scan  stabilization  about  0.1  of  the  system  resolution, 
or  0.05  mrad.  This  means  0.05  mrad  in  1/80  sec,  or  4  mrad  sec  1  rate  error.  At 
10,000  *,  altitude,  0.4  mrad  sc<r:  is  required.  To  achieve  good  short-period  stabiliza¬ 
tion,  a  gearless  torqued  gimba)  structure  with  (self-contained  gyros  will  be  used.  Long- 
period  vertical  reference  infouration  may  be  transmitted  from  aircraft  inertial  refer¬ 
ence  equipment. 

(4)  Image  Motion  Compensation 

(а)  Requirement.  IMC  in  a  high-speed  scanning  system  is  a  less  critical  problem 
than  in  a  photographic  system  With  a  single  detector,  10%  ccan-to-scan  resolution 
smearing  corr. spends  to  10%  accuracy  in  vlh.  With  20  detectors,  smearing  of  10%  on 
one  detector  image  means  0.5%  vlh  accuracy.  Drift-angle  accr.  cy  follows  the  same 
pattern.  With  a  single  detector,  10%  drift  corresponds  to  an  angle  of  approximately  6°. 
With  20  detectors,  the  requirement  is  0.3°  to  achieve  10*  scan  to  scan  misalignment 

(б)  Implementation,  vlh  com  pensation  will  be  made  a  part  of  the  system  by  varying 
scan  rate  to  achieve  proper  matching  of  line  to  line  scanning.  Drift  compensation 
will  be  made  a  part  of  the  system  by  skewing  data  output. 
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(c)  v/h  and  Drift  Measurement 

1.  External  Source:  If  the  aircraft  has  a  radar  altimeter  and  doppler,  inertial, 
or  doppler- inertial  navigation,  v/h  and  drift  angle  to  the  required  accuracy  may  be 
derived  from  these  sources. 

2.  Passive  v/h  and  Drift :  The  mapping  system  itself,  wi,n  some  additional  focal- 
plane  detectors  and  additional  processing,  offers  r  self-contained  source  of  olh  and 
drift  information,  v/h  is  computed  by  correlating  data  sampled  from  the  central  angle 
of  the  scan  (directly  below  the  aircraft)  for  overlap  or  underlap  on  two  successive  scans, 
using  v/h  "over! «p”  defectors  added  fo:  this  purpose.  Drift  angle  is  computed  by 
correlation  techniques  looking  for  scan-to-scan  skewness  in  data  sampled  from  directly 
below  the  aircraft  on  detectors  separated  by  a  large  angle  along  the  flight  path  and 
caused  to  overlap  by  v/h  to  cover  the  same  area  on  successive  scans.  The  v/h  and  drift 
error  signals  may  thus  be  generated  to  vary  scan  speed  and  drift  angle. 
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19.,  Infrared  Measuring  Instruments 


19.1.  Radiometers 

A  radiometer  a  radiation-meaouring  instrument  having  substantially  equal  re¬ 
sponse  to  a  relatively  wide  band  of  wavelengths  in  the  infrared  region.  Radiometers 
measure  the  difference  between  the  souice  radiation  incident  on  the  radiometer  detector 
and  a  radiant  energy  reference  levr.i 


The  basic  design  of  n  simple  radiometer  is  shown  in  Fig.  19-1,  where 
L  =  collecting  optics,  which  forms  the  c.rcular  aperture  stop  of  area  A 
D  =  dectector  element,  which  forms  a  circular  field  stop  of  area  a 

ff0=  half-angle,  measured  in  radians  <il  —  2ir  (1  -  cos  0o)  *  n  9a1  al  pY,  P  is  the 
solid  angle,  is  steradians,  of  the  corresponding  conical  field 

f  =  focal  length  of  radiometer 

All  radiometers  and  radiometric  measuring  instruments  contain  at  least  the  following 
three  essential  components: 

(a)  A  detector  element,  which  converts  changes  in  incident  electromagnetic  radiation 
into  variations  of  an  ea°ily  measured  property,  usually  an  electrical  signal. 

(b)  An  optical  system,  which  determines  the  combination  of  receiving  ere'  rare  ans 
angular  field  of  view  through  which  radiation  is  collected,  thus  delineating  the 
amount  of  radiation  to  which  the  radiometer  respo  nds.  The  optical  system 
.  xludes  the  sensitive  surface  of  the  detector. 

(c)  An  amplifier  and  output  indicator,  usually  electronic,  tc  transform  the  output 
of  the  detector  clement  into  the  desired  form  of  presentation. 
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19.1.1.  Reference  Radiation  Level.  Both  absolute  and  relative  infrared  radiation 
levels  may  be  obtained  with  a  radiometer.  Since  absolute  levels  of  radiation  are  defined 
with  respect  to  absolute  zerc,  the  level  of  radiant  power  incident  upon  the  detector  must 
be  compared  with  a  known  reference  level  to  derive  the  absolute  radiant  power  level. 

The  ultimate  accuracy  of  a  radiometer  is  determined  by  the  form  of  reference  radiation 
level  used.  The  detector  itself  (dc  radiometer)  or  a  l  .-diation  chopping  system  (ac 
radiometer)  can  be  used  to  provide  the  reference  radiation  level.  For  absolute  measure¬ 
ments,  the  chopping  system  is  preferred. 

Radiome.tr  that  measure  the  difference  in  radiation  from  two  neighboring  spatial 
positions  provide  relative  information  only  as  no  reference  level  exists.  Radiometers 
used  to  compare  any  element  of  a  large  area  to  the  average  radiation  associated  with  the 
entire  area  can  supply  an  absolute  measurement,  providing  the  average  intensity  is 
known  and  used  as  a  reference  level  Similarly,  in  the  time  domain,  the  power  level 
due  to  radiation  at  one  instant  may  be  compared  to  that  of  a  previous  instant  or  to  an 
average  associated  with  all  past  measu-aments 

The  characteristics  of  three  different  type  radiometers,  including  tne  form  of  reference 
level  they  employ,  are  listed  in  Table  19-1. 


Tabll  19-1.  Principal  Characteristics  of  Different  Type  Radiometers  [51 


Type 

Detector 

Dcte  - toi  •  Response 
Speed  ( Time 
Constant ) 

System 

Speed 
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Radiation 

Lnet 

Radiation 
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Electrical 
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DC 

Thermopile 

2  sec 

2  sec 
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Electromotive 

and  tem¬ 

sonre©  radi¬ 

force  from 

perature 

ation  and 

compensated  dc 

of  thermo¬ 

thermopile 

thermopile 

pile 

radiation 

AC 

Thermistor 

1  msec 

25  msec 

Er.isMvity 

Difference 

AC  signal  from 

Blackened 

and  tem¬ 

of  source 

compensated 

Chopper 

perate  re 

radiation 

thermistor 

of  black 

and  black¬ 

I’oiometer 

ened  chmv 

ened  chop¬ 

bridge 

per 

per  radi¬ 
ation 

AC 

Thermistor 

1  msec 

Adjustable. 

Temperature 

Difference  of 

AC  signal  from 

Chopper 

16  msec  to 

of  blsck- 

source  radi¬ 

compensated 

Mirror 

1.6  sec 

body  refer¬ 

ation  )i> 

thermistor 

ence  (emis- 

reference 

bolometer 

sivity  ™ 

blackbody 

bridge;  null 

1.0);  tempera¬ 

radis'ion; 

detection 

ture  onn- 

null  methot' 

method  when 

tt-zded  or 

may  be  used 

using  controlled 

monitored 

with  tempera- 

blackbody 

witi.in 

t,ure-con- 

0.2* 

trollod  black- 
body 

19.1.1.1.  Detector  Energy  Level  Used  as  Reference  Radiation  (DC  Radiometer). 
A  radiometer  that  uses  the  detector  as  a  radiation  reference  level  is  usually  referred  to 
a £  dc  radiometer.  This  terminology  is  applicable  because  the  instrument  measure:*  a 
change  in  the  dc  electrical  properties  of  a  thermoelectric  or  bolometric  infrared  detector. 

DC  radiometers  are  subject  to  drift  because  the  reference  level  is  determined  by  the 
temperature  of  the  detector.  Drift  can  often  be  tolerated  when  the  temperature  of  the 
target  is  much  higher  than  the  detector’e  ambient  temperature.  Significant  errors  can 
result,  however,  when  the  target  temperature  approaches  ambient  temperature.  The 


760 


INFRARED  MEASURING  INSTRUMENTS 


typical  response  speed  (time  constant)  for  instruments  using  thermopile  detectors  i9 
approximately  2-4  sec  where  the  response  speed  is  time  required  for  the  instrument 
to  reach  He  of  the  final  response. 

19.L1.2.  Chopper  Used  as  Reference  Radiation  Level  (AC  Radiometer).  Chopper 
or  ac  radiometers  utilize  r.n  ac  output  from  the  detector  for  signal  processing.  They 
are  particularly  suitable  for  absolute  radiation  measurement  and  do  not  have  the  drift 
problems  associated  with  dc  radiometers.  The  electrical  output  of  this  type  radiometer 
is  proportional  to  the  difference  between  radiation  falling  upon  the  detector  from  the 
source  within  its  field  of  view  and  that  of  a  blackened  chopper  blade  or  a  controlled 
reference  blackbody.  In  the  latter  case,  a  chopper  mirror  alternately  directs  radiation 
from  the  source  and  the  reference  blackbody  onto  the  aetector. 

Blackened  Chopper.  Figure  19-2  shows  a  blackened  chopp  r  where  the  detector 
alternately  sees  the  source  image  and  the  blackened  chopper.  The  temperature  and 
emissivity  of  the  blackened  chopper  determine  the  reference  radiation  level.  At  wave¬ 
lengths  out  to  about  1  p,  a  very  stable  reference  level  is  obtained  by  ensuring  that  the 
chopper  has  a  uniformly  coated  black  surface.  Even  out  to  about  3  p,  chopper  temper¬ 
ature  is  not  usually  a  critical  factor  because  at  ambient  temperatures  there  is  little 
radiation  in  this  region  from  a  Vnckhody  or  a  graybody.  At  wavelengths  longer  than 
about  3  p,  however,  the  effects  of  variations  in  chopper  temperature  and  emissivity 
become  a  serious  consideration. 


Fio.  19-2.  Blackened  chopper  schematic  diagram. 
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Fig.  19-3.  Chopper  mirror  block  diagram. 


Chopper  KHrrvr.  Emissivity  effects  can  be  minimized  by  using  a  n  ghly  polished 
chopper  b'ad  \  However,  incident  radiation  reflected  from  the  surrounding  urea  to 
the  detector  by  the  polished  chopper  must  be  controlled.  This  is  done  in  the  radiometer 
shown  in  Fig.  ;9-3,  where  reflected  incident  radiation  is  controlled  by  a  reference  black¬ 
body  and  a  chopper  mirror. 
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A  small  reference  blackbody  is  placed  in  such  a  position  that,  by  specular  reflection 
from  the  chopper  mirror,  radiation  from  the  reference  blackbody  and  the  source  image 
are  alternately  directed  onto  the  detector.  This  not  only  provides  a  stable  source  of 
reference  radiation  but  also  an  adjustable  one  when  temperature  controls  are  provided 
fcr  changing  the  reference  blackbody  to  '•uerature  in  addition,  if  the  reference  black¬ 
body  source  is  adjustable,  its  radiance  can  be  matched  to  the  source  rariicnce  and  the 
detector  used  as  a  sensitive  null  or  quantitative  error  detector. 

19.1.2.  Commercially  Available  ifladiometera.  Table  19-2  lists  some  of  the  charac¬ 
teristics  of  most  commercially  available  radiometers. 

19.1.9.  Normalization  Methods.  By  careful  design,  some  instruments  achieve 
quite  uniform  responsivity  over  wide  but  finite  spectral  regions.  In  many  cases, 
however,  responnivity  is  not  uniform  even  within  the  band,  due  to  the  combined  effects 
of  the  spectral  characteristics  of  the  components  (mirrors,  lenses,  filters,  prisms,  trans¬ 
ducers,  etc).  Also,  the  source  spectral  distribution  is  almost  never  corstant.  In 
general,  the  output  signal  produced  by  an  incident  beam  of  radiant  power 


is  given  by 


°  =  f  Px  dk 
'  -  j  PKRp  a 


w 


(19-1) 


(19-2) 


where  Rp  —  Rp  (X)  is  the  spectral  power  responsivity  in  volts  per  watt.  Even  where 
Rp  (X)  is  completely  known  from  calibration  measurements,  it  is  not  possible  to  solve 
Eq.  (19-2)  uniquely  for  P*  (X).  Consequently,  it  is  nlso  not  possible  to  determine  P  ~ 
fpxdk.  However,  if  the  relative  spectral  distribution  px  (X)  in  the  incident  beam  is 
known,  the  measurement  will  establish  the  scale  factor  P„  which  satishes 


Px(X)--P.px(X)  v.  (19-3) 

from  the  relation 

P.=  v/jpx  R,dk  w  (19-4) 

On  the  other  hand,  without  any  informaiior  about  the  spectral  distribution  of  the 
incident  beam,  the  output  of  the  instrument  can  be  compared  meaningfully  only  with 
measurements  made  with  instruments  having  exactly  the  same  relative  spectral 
responsivity  characteristic. 

Fortunately,  it  usually  happens  that  there  if,  at  leant  some  information  about  the 
spectral  distribution  px(X),  although  it  may  be  only  approximate  and  often  is  only 
implicit  and  not  clearly  recognized.  For  example,  from  the  known  physical  character¬ 
istics  of  a  target -its  material,  its  approximate  tempc,ature,  etc— it  is  often  possible 
to  judge  the  general  shape  of  the  curve  of  px(X)  and  hence  to  be  able  to  estimate  its 
relation  to  the  spectral  curves  of  other  targets  in  order  to  interpret  comparisons  between 
measurements  of  two  such  targets  by  spectrally  selective  radiometers.  In  order  to 
eliminate  differences  in  other  instrumental  characteristics  (which  also  affect  respon- 
sivities)  for  the  purpose  of  making  such  comparisons,  normalization  methods  are  often 
employed  in  reducing  the  data  II,?]. 

Note  that,  although  this  discussion  is  all  in  terms  of  radiant  power  P  and  power 
responsivity  Rp,  all  of  it  applies  equ*.  -y  we.il  to  the  other  radiometric  Quantities  for  an 
incident  beam,  H  and  N,  and  the  corresponding  rosponaivities,  and  to  the  source  quan¬ 
tities  J  and  W,  derived  from  measured  values  of  incident  P,  H,  or  N,  as  well.  The 
latter,  however,  involve  additional  uncertainty  because  of  the  problem  of  evaluating 
the  attenuation  between  source  and  instrument. 
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By  choosing  arbitrarily  a  normalizing  constant  or  scale  factor  Rn  which  satisfies 
R(K)  —  R  r \ X ),  Eq.  (19-2)  can  ’  ?  written 

V  =  R„  j  PkrdX  =  R  „P„  v  (19-5) 

where 

Pk  =  V/R„  w  (19-6) 

is  called  the  normalize  1  radiant  power  in  the  incident  beam. 

19.1.3.1.  Normalization  to  the  Peak.  If  the  choice  of  normalization  constant  is 


Rn “  R(Xmax)  V  W  1 


(19-7) 


where  Am„x  is  the  wa  /elength  at  whicf  R(K)  is  a  maximum,  as  with  most  narrowband 
systems,  then 


(19-8) 


is  called  the  peak-normalizc-d  power  in  the  beam  or  the  power  normalized  to  the  peak 
respon8ivity.  From  Eq.  (IS  G)  and  (19-7),  it  is  apparent  that  this  means  thatPn  watts 
of  radiant  power,  if  concentrated  at  the  wavelength  AmflX,  would  produce  the  same 
output  V  as  the  actual  beam.  Hence,  peak-normalized  powe  r  is  sometimes  called  the 
"elective”  [31  or  "equivalent”  power  at  Amax. 

F  irthermore,  if  the  peak-normalized  spectral  bandwidth  of  the  instrument  is  arbi¬ 
trarily  defined  as 

AA„  =  fl/;f(.W)]  j  R(X)dK  M  (19-9) 

it  may  be  used  to  compute 

Pk»  =  PJth„  w/r1  (19-10) 

the  peak-normalized  spectral  radiant  power  assigned  to  Amox. 

19.1.3.2.  Other  Metluxis  of  Normalization  T'here  are  situations  where  normal¬ 
ization  to  the  peak  is  inappropriate  because  there  is  no  wavelength  Amox  for  whi  .h 
there  is  a  single  predominating' maximum  value  of  R( A).  This  is  more  often  so  with 
broadband  systems.  It  may  ther.  be  more  appropriate  to  normalize  to  the  average,  by 
choosing 


Rn 


R(X)  dk 


~  A|) 


V  w_l 


(19-11) 


Then  the  normalized  bandwidth 


AA„  =  (!//?„)  R(s)dk 


f. 


(13-12) 


is  equal  io  the  antire  wavelength  inter\'al  of  interest  (A2  —  A()  over  which  the  average 
is  computed  in  Eq.  (2-11).  The  foregoing,  and  still  other  normalisation  methods  and 
their  implications,  are  discussed  in  greater  dots:  in  [!j  and  [2].  Because  of  the 
variety  of  possible  normalisation  methods,  it  is  important  to  spodfy  clearly  he  method 
u  ed  when  normalized  values  for  measurement  results  are  reputed. 

19.2.  Spectre;  ruliometers 

Spectroradiometors  are  used  to  obtain  an  absolute  measurement  of  the  spectral 
variation  of  a  aource  radiometric  quantity  within  a  very  narrow  waveband.  Disposing 
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elements  such  as  prisms,  diffraction  gratings,  or  other  optical  elements  can  be  used  to 
produce  the  spectra. 

Radiometers  which  rapidly  sequence  through  a  set  of  narrow  filters  also  can  be  called 
spectroradiometers.  The  filter  is  often  sequenced  by  the  rotation  of  a  filter  wheel. 
If  the  speed  of  rotation  is  sufficiently  high,  the  dwell  ti  Tie  for  any  one  filter  can  approach 
the  response  time  of  the  unfiltered  radiometer.  In  such  cases,  the  response  time  should 
be  determined  under  dynamic  rather  than  static  conditions. 

The  basic  design  of  a  simple  prism  or  grating  spectroradiometer  is  shown  in  Fig. 
19-4,  where 

L  -  collecting  optics 

51  =  entrance  slit  of  monochromator  acting  also  as  the  field  stop 
C  =  collimating  optics 

A  =  dispersing  element  (prism  or  grating) 

F  —  refocusing  optics 

52  —  exit  slit  of  monochromator 
D  =  detector  element 


The  essential  components  of  any  prism  or  grating  spectroradiometer  are  tne  same  as 
those  of  any  radiometer  (Sec.  19.1)  with  the  addition  of  the  following: 

(a)  An  entrance  slit,  which  usually  acts  as  the  field  stop  of  the  collecting  optics. 

(ft)  A  collimator,  which  may  be  a  lens  or  a  mirror,  with  the  entrance  slit  at  its  focus. 

(c)  A  dispersing  element,  either  a  prism  or  grating. 

( d )  A  focusing  element,  which  produces  an  image  of  the  entrance  slit  from  the  parallel 
beam  at  each  wavelength  so  that  these  images  are  dispersed  linearly  to  form  the  familiar 
spectrum. 

(e)  One  or  more  exit  slits  to  select  the  radiation  in  any  desired  region  of  the  spectrum 
and  allow  it  to  pass  on  to  the  detector. 

A  spectroradiometer  can  be  said  to  be  a  radiometer  with  a  on  xhromator  located 
between  the  collecting  optics  and  the  detector. 

19.3.  Monochromators  [4] 

In  self-collimating  spectrometers  and  monochromators,  e  single  optical  element 
serves  both  for  collimating  the  beam  from  the  entrance  slit  and  for  refocusing  the  dis¬ 
persed  beam  onto  the  plane  of  the  exit  slit.  The  most  frequent  configurations  of  self- 
collimating  instruments  is  the  Littrow  type  shown  in  Fig.  19-5  in  this  instrument, 
a  plane  mirror  is  positioned  so  as  to  return  the  dispersed  beam  back  to  the  prism  or 
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Fig  19-5.  Single- pass  monochromator. 


grating  for  a  second  dispers’on  before  it  returns  to  the  self-collimating  mirror,  or  lens, 
and  the  exit  slit. 

This  type  of  monochromator  has  a  limited  resolution,  determined  by  the  finite  size 
and  quantity  of  the  prism  employed.  An  impure  spectrum  is  also  produced,  particularly 
at  the  wavelengths  greater  than  8/a,  because  of  the  high-intensity  short-wavelength 
light  from  the  sour  e  being  scattered  into  the  exit  slit.  Various  devices  can  be  employed 
to  impiove  purity  of  spectrum,  such  as  the  use  of  selective  choppers  or  shutters  whi:S 
are  transparent  to  the  short-wavelength  radiation,  and  thus  only  chop  the  desi/.^d 
longer  wavelengths.  The  best  solution  can  be  achieved  by  using  a  double  monochr" 
n.ator.  If  it  is  a  Littrow  type,  such  as  the  Perkin-Elmer  Model  99  monochromator 
shown  in  Fig.  19-6,  the  beam  is  acted  upon  four  times  by  the  prism  or  grating.  Not 
on'v  is  dispersion  increased  by  these  repeated  dispersions  but  spectral  resolution 
and  purity  are  also  improved.  In  a  double  monochromator,  two  monochromators  sre 
placed  in  series,  with  the  exit  slit  of  one  forming  the  entrance  slit  of  tne  second.  In 
this  configure  tion,  the  repeated  dispersion  ai«»o  impraves  the  spectral  resolution  and 
purity.  The  emerging  beam  from  the  exit  slit  of  a  well-designed  double  monochromator 
contains  a  minimum  of  scattered  radiation  of  wavelengths  outside  the  desired  passband. 


Fig  19-6.  Perkin-Elmer  Model  -?9  double-pass  monochromator. 


In  double- pass  instruments,  the  second  pass  is  made  over  portions  of  the  same  path 
as  the  first.  In  one  type,  the  second-pass  radiation  is  distinguished  from  the  first, 
also  emerging  from  the  exit  slit,  only  by  the  insertion  of  a  chopper  in  a  portion  of  the 
second-pass  beam  that  does  not  overlap  the  firsc.  In  this  case,  although  the  modulated 
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beam  from  the  second  pass  may  have  high  spectral  purity,  a  fairly  high  level  of  un- 
chopped  first-pasf  radiation  of  unwanted  wavelength.;  can  also  be  incident  on  the 
det-v'-.r  The  effect  of  this  first-pass  radiation  on  the  response  of  the  detector  element 
io  the  chopped  St.ond-pass  radiation  of  the  desired  wavelengths  (should  be  carefully 
te-ted  in  s*vh  cases.  This  is  particularly  important  for  measurements  in  wavelength 
regions  in  which  the  spectral  responsivUy  of  the  detetvir  element  can  be  very  low 
as  compared  to  its  responsivity  to  the  unchopped  wavelengths  from  the  first  pass. 
Spectral  filters  inserted  at  the  entrance  slit  can  be  used  to  produce  substantial  changes 
in  the  level  of  this  unwanted,  unmodulated  radiation  in  order  tc  observe  the  effect,  if 
any,  on  the  output  Ideally,  there  should  be  no  effect,  because  the  output  should  oe  a 
measure  only  of  the  chopped  radiation  in  the  desired  wavelength  band.  However,  this 
needs  to  be  verified  for  each  detector  element  used  over  the  complete  range  of  wave¬ 
lengths  for  which  it  will  be  employed. 

The  wavelength  band  in  the  output  if  a  prism  monochromator  is  a  direct  function 
of  the  relative  positions  of  the  slits,  prism,  and  any  optical  elements  (such  as  a  Littrow 
mirror)  urad  to  shift  the  dispersed  spectrum  across  the  exit  slit.  \  grating  monochro¬ 
mator,  however,  can  have  overlapping  orders.  A  fairly  low-dispersion  foreprism 
monochromator,  or  suitable  filters,  can  be  used  ir.  front  of  the  entrance  slit  to  remove 
wavelengths  of  the  undesired  orders  and  to  eliminate  the  ambiguities. 

19.4.  Spectrometers  and  Spectrophotometers 

nn  infrared  spectroniever  permits  selection  and  isolation  of  a  desired  wavelength 
(or  band  of  wavelengths)  in  the  infrared  spectrum  for  study  of  the  physical  properties 
of  a  material.  An  i-frared  spectrophotometer  permits  selection  and  isolation  of  a 
desired  wavelength  (or  band  of  wavelengtns)  in  the  infrared  spectrum,  for  simultaneous 
comparative  examination  of  the  physical  properties  cf  a  sample  material  and  a  reference 
material  at  a  select'd  point  in  the  spectrum. 

In  spectrometers,  single-beam  photometry  is  used  for  radiation  measurement.  The 
radiation  spectrum  from  the  source  alone  is  first  measured;  then  a  sample  is  introduced 
in  the  sample  area.  The  source  radiation,  is  modified  by  the  sample,  and  is  then 
measured.  A  comparison  ot  these  twe  measurements,  as  a  function  of  radiation  fre¬ 
quency,  is  then  calculated  and  replotted.  In  epeetrophotometers,  double-beam  optical 
systems  are  used  in  which  radiant  intensity  through  a  sample  cel!  and  a  reference 
cell  ,s  compared  and  automatically  recorded.  In  spectrometers  and  spectrophotometers, 
the  spectrum  is  usually  (aspersed  by  a  monochromator  employing  a  refraction  prism  or 
a  diffraction  grating. 

19.4.1.  Infrared  Grating  Spectrometry  (6).  Infrared  grating  spectrometers  are 
used  for  studies  of  molecular  structure,  where  rapid  automatic  recording  and  extremely 
high  resolution  a  >  required.  When  used  with  multiple  •  eflection  cells,  long  path-length 
studies  in  gases  ai.d  liquids  can  lie  made.  Fast  recording  is  achieved  by  using  highly 
sensitive  leaf'  sulfide,  lead  telluride,  lead  selenide,  or  indium  antimonide  detector 
cells  with  rapid  response  times,  improved  gratings  and  recent  improvements  in  detec¬ 
tors  and  in  amplifier  des.gn  have  made  possible  tht  .  instruction  of  instruments  with 
resolving  powers  exceeding  150,000. 

Optical  systems  are  generally  of  the  off-axis  parabolic  mimr  type,  or  the  on-axis 
Pfund  type.  Minors  o  '  h:gh  quality  are  used  to  obtain  good  images  and  high  resolving 
power.  The  Pfund  type  employs  on- axis  paraboloid  mirrors  and  plane  mirrors  with  an 
aperture  in  the  center  to  produce  superior  images  and  higher  resolving  power. 

19.4.1.1.  Off  Axis  Parabolic  Grating  Spectrometer  [7],  An  off-axis  type,  double- 
pass  instrument  is  shown  in  Fig  19-7.  It  :.as  a  focal  length  of  10  m,  achieved  by 
r  nunting  the  grating  in  the  fashion  of  the  l.ittrow  instrument  to  ensure  double  passage 
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of  the  radiation  beam  through  the  optical  system.  Using  a  grating  of  great  perfection, 
a  resolving  power  of  120,000  to  140,000  lines  per  inch  in  the  1.3-  to  1.7 -p  region  is 
obtained,  with  an  increase  in  resolving  power  of  about  one  order  of  magnitude  at  longer 
wavelengths 


Fig.  19-7  Off  axis,  double-pass  grating  spectrograph. 


19.4.1.2.  On- Axis  Pfund  Grating  Spectrometer  16).  A  typical  on-axis  Pfund-type 
direct -recording  spectrometer  is  shewn  in  Fig.  19-8.  Incident  infrared  radiation  focused 
by  a  collimating  lens  on  the  entrance  slit  and  modulated  by  a  chopper  paaseo  through 
the  central  aperture  of  plane  mirror  M,.  Reflected  by  the  paraboloidal  mirror,  F,.  it 
emerges  as  a  parallel  beam  of  radiation,  which  is  reflected  by  mirror  M\  to  the  gmling. 
The  grating  is  accurately  located  or  a  turntable,  which  may  be  routed  in  order  to  scan 
the  spectrum.  From  the  grating  the  diffracted  beam,  reflected  by  mirror  Mt,  is  focused 
by  a  second  paraboloid,  Pi,  through  the  central  aperture  of  mirror  Mt  to  the  exit  slit. 
The  emerging  beam  is  then  focused  by  the  ellipeoidai  mirror,  M *,  on  the  detector.  This 
type  of  on-axis  system  produces  a  better  spectral  image  and  superior  resolution. 

19.4.2.  Commercially  Available  Spirometer*  and  Spectrophotometer*.  Table 
19  3  lists  some  of  the  characteristics  of  some  commercially  available  spectrometers  and 
spectrophotometers.  Representative  instrument  types  are  described  in  the  following 
paragraphs. 


Table  19-3.  Characteristics  ok  Commerci/u h  Available  S'.  ^ctrometers  and  Spectrophotometers 


I 


>37-B  70*  prism,  N«Ci  5  Double  ber.m,  optical  —  2.5-15  -  ±0.03  m  ±0.01 /j. 

null  ±0.1%  ±0.5% 


Table  19-3.  Character. /ncs  of  Commercially  Availabix  Spectrometers  and  Spectrophotometers  ( Continued ) 


Table  i9-3.  Characteristics  of  Commercially  Available  Spectrometers  and  Spectrophotometers  ( Continued ) 
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19.4.2.1.  Single-Beam  Double-Pass  Spectrometer.  An  example  of  a  aingk-beam 
double-pass  infrared  spectrometer  is  the  Perkin-Elmer  Model  132  instrument  shown 
in  Fig.  19-9  Infrared  radiation  from  a  source  is  focused  by  mirrors  M ,  and  on  the 
entrance  slit,  S,,  of  the  monochromator.  Tne  vadiation  beam  from  Si,  path  1,  is  col¬ 
limated  by  the  off-axis  paraboloid,  A/3,  and  a  parallel  beam  traverses  the  prism  for  a 
first  lefraction.  The  beam  is  reflected  by  the  Littrow  mirroi,  M«,  through  the  prism 
for  a  second  refraction,  and  focused  by  the  paraboloid,  path  2,  at  the  comer  mirror, 
Af«.  The  radiation  returns  along  path  3,  traverses  the  prism  again,  and  is  returned 
back  along  path  4  for  reft  .*ction  by  mirror  Af?  to  the  exit  slit,  St.  By  this  double  dis¬ 
persion  the  radiation  is  spread  out  along  the  plane  of  Ss.  The  frequency  interval  which 
passes  through  S2  is  focused  by  mirrors  M*  and  Af»  on  the  thermocouple,  TC.  The  beam 
*s  chopped  by  CH,  near  M6,  to  produce  an  ac  voltage  (at  the  thermocouple)  which  is 
proportional  to  the  radiant  p*.wer  or  intensity  of  the  beam.  This  voitage  is  amplified 
and  recorded  b;,  an  electronic  potentiometer.  Motor-driven  rotation  of  Littrow  mirror 
Mi  causes  the  infrared  spectrum  to  pass  across  exit  slit  St,  permitting  measurement  of 
the  radiant  intensity  of  successive  frequencies. 


19.4.2.2.  Prism-Grating  Double  Monochromator  Spectrometer  (6).  This  instrument, 
manufactured  by  Unicam  Instruments,  Ltd.,  uses  a  prism- grating  double  monochro¬ 
mator  "•vering  the  widest  possible  spectral  range  without  breaks  for  optical  changes 
or  aqiustmen^s.  The  instrument  is  shown  in  Fig.  19-10. 

The  Dnsm  monochromator  ha*-,  tour  interchangeable  prisms,  and  t'  l»ng  mono¬ 
chromator  has  two  interchangeable  gratings.  The  two  monochromator.  _fc  .v.bycama 
linear  in  ware  number,  are  driven  by  a  common  shaft.  The  instrument  m?y  be  used 
either  as  a  prism-g:  ating  double  monochromator,  or  as  a  prism  spectrometer  by  blank¬ 
ing  the  grating  monochromator.  Gratings,  prinms,  and  cams  may  be  automatically 
interchanged  by  means  of  pushbuttons.  Magnetically  operated  slits,  programmed  tv 
a  tapped  potentiometer,  provide  a  constant  energy  background.  A  star  wheel  time¬ 
sharing  beam  attenuator  is  used  in  the  double-beam  photometer. 
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Huud  Condenser 


Fio.  19-10.  Un>cam  priam-grating  double  monochromator  spectrometer. 


Fig.  19-11.  Infrared  flame-temperature 
spectrometer. 


19.4.2.3.  F  e-Temperature  Speedometer  [6],  This  spectrometer  provides  a  meth¬ 
od  to  measure  e  temperatures  of  missile  flames  up  to  5  ft  in  diameter  up  to  several 
thousand  degrees  centigrade  The  instrument,  shown  in  Fig.  ’,9*11,  is  rapid  and 
accurate,  snd  requires  no  calibration  or  attenuation  of  the  gas  stnntm. 

Infrared  radiant  energy  from  a  source  of  known  emission  passes  through  the  hot  gas 
stream  with  absorption  bands  due  to  the  water  vapor  and  caihon  dioxide  present  in  the 
gas  stream  as  products  of  combustion.  The  infrared  beam  is  focused  on  the  entrance 
slit  of  a  Perkin-Eln  er  Model  98  monochromator.  At  a  given  wavelength,  with  the 
shutter  out  of  the  bet  m,  the  radiant  energy  E\  is  measured: 


E,  =  E.t  +  EA 1  -  r) 


(19-13) 
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where  E.  =  known  energy  from  the  source 

E,  —  energy  from  blackbocly  source  at  gas  temperature  T 

t  =  unknown  percent  transmission  of  carbor,  dioxide  and  v'ater  vapor  in  gas 
stream 

With  the  shutter  in  the  beam,  the  energy  E%  is  measured. 

£<•  —  £  (1—  t>  (19-14) 

The  two  equations  are  then  solved  for  r  and  £,  and  the  apparent  temperature  of  the  gas 
stream  is  obtained. 

19.4.2.4.  Rapid-Scan  Spectrometer.  The  rapid-scan  spectrometer  manufactured 
oy  Perkin-Elmer  Corp.  (Fig  19-12)  records  the  distribution  and  time  variation  of  the 
spectral  wavelengths  of  the  energy  radiated  during  the  powered  flight  portioiis  of  missile 
firings.  The  instrument  consists  of  a  rapid-scan  monochromator,  a  radiation  detection 
system,  and  appropriate  readout  and  recording  equipment. 
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-Nutating  Mirror 
Fig.  19-12.  Perkm-Elmer  rapid-scan  spectrometer 


The  rapid-scan  monochromator  utilizes  a  double- pass  system  where  the  first  and 
second  passes  are  physically  separated.  As  shown  in  Fig.  19-12,  radiant  energy  from 
the  source  is  imaged  by  the  collecting  optics  composed  of  a  modified  double- pass  Littrow 
system,  on  the  entrance  3iit  of  the  monochromator.  The  beam  is  collimated  by  an 
off-ana  paraboloid  mirror  onto  the  prism.  The  energy  beam  is  then  refracted  to  the 
nutating  mirror,  reflected  to  the  roof  mirror  (where  the  vertical  light  motion  com¬ 
ponent  is  eliminated)  and  then  back  through  the  prism  system.  The  returned  beam 
is  brought  to  a  focus  by  the  paraboloid  mirror  at  the  comer  cube  mirror,  where  it  is 
displaced  up  and  across,  back  to  the  paraboloid  mirror.  It  then  passes  through  the 
monochromator  for  the  second  time.  The  second  pass  is  1  in.  higher  than  the  first  pass, 
and  the  second  pass  only  is  intercepted  by  the  diagonal  mirror  and  focused  on  the 
exit  slit. 

The  detector  sees  an  alternating  signal  whose  frequency  is  the  chopped  frequency, 
within  each  half  cycle  the  signal  amplitude  varies  in  accordance  with  the  ra^.ar.t 
spectral  energy.  The  result  is  a  plot  of  the  spectrum  of  the  source  repeated  at  the 
chopping  frequency. 
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Fig.  19-13.  Barnes  in-line  spectrometer. 


19.4.2.5.  In-Line  Spectrometer.  The  lens  configuration  ;r.  tht'  Barnes  instrument 
(Fig.  19-13)  permits  effective  use  of  noncollimateo  light  with  reflection  gratings.  The 
mayor  advantage  of  using  converging  light  in  spectrometers  is  that  it  permits  con¬ 
struction  of  an  in-line  instrument  In  this  technique,  light  rays  received  at  one  end 
travel  straight  through  the  spectrometer.  The  rays  are  then  filtered  into  narrow  wave 
bands  and  are  dispersed  into  a  useful  spectrum.  They  may  then  be  photographically 
or  electronically  recorded  at  the  opposite  end. 

The  in-line  spectrometer  uses  a  correcting  prism  placed  ahead  of  the  refraction 
grating.  The  prism  is  designed  so  that  its  differential  refracting  effect  on  rays  of 
various  inclination  exactly  compensates  for  the  difference  in  light-path  length.  Thus, 
aii  rays  contributing  to  the  resulting  spectrum  line  will  fccus  in  one  plane. 

19.4.2.6.  Interferometer  Spectrometer.  The  Block  Engineering  interferometer-spec¬ 
trometer  has  greater  throughput  than  conventional  spectrometer,  because  the  inter¬ 
ferometer  has  a  large  entrar  e  aperture  determined  by  the  mirror  size.  This  enaoles 
the  instrument  to  accept  more  radiant  energy  from  the  source  than  prism  or  grating 
instruments  in  which  the  entrance  aperture  is  limited  by  narrow  slits. 

High  sensitivity  gain  is  due  to  the  instrument’s  examining  each  wavelength  through¬ 
out  the  entire  time  period  of  each  scan.  In  a  conventional  instrument,  each  wavelength 
is  examined  for  only  a  very  short  pa  he  scan  time  ( J  /nth  the  'jean  time  if  n  is  the 
number  of  resolution  elements);  the  interfp-ometer  achieves  a  gain  which  is  V/T  for 
the  same  scan  time.  For  typical  instruments  this  car*  be  a  factor  of  50.  Furthermore, 
this  gain  is  realized  even  whe  n  one  examines  point  sources  where  the  throughput  gain 
is  not  large. 

A  block  diagram  of  an  interferometer  spectrometer  is  shown  in  Fig.  1  >14.  Incoming 
infrared  radiation  is  received  by  the  interferometer,  and  a  fringe  pattern  is  produced. 
When  one  of  the  mirrors  in  the  interferometer  is  moved  back  and  iorth  at  a  slow,  con¬ 
stant  velocity,  the  motion  is  manifested  as  an  alternate  brightening  and  darkening  of 
the  central  fringe. 


Fic.  19-14.  Block  Associates  interferometer  spectrometer. 
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An  infrared  detector  plated  at  the  central  fringe  converts  these  cyclic  changes  irtc 
an  ac  signal  If  the  mirror  velocity  is  kept  constant  at  a  predetermined  value,  the 
frequency  of  the  ac  signal  from  ‘he  detector  is  directly  related  to  the  wavelength  of 
incident  radiation,  assuming  that  the  incident  radiation  is  at  one  given  wavelength 
( monochr  o-r.ati  c ) . 

If  another  wavelength  ,.wice  as  long  as  the  first  (half  the  frequency)  should  be  sub¬ 
stituted  as  the  incident  radiation  source,  the  ac  output  signal  from  the  detector  would 
be  at  one-half  the  frequency  of  the  first.  The  amplitudes  of  the  two  signals  would 
remain  the  same  if  the  maximum  brightness  of  the  two  sources  were  the  same. 

If  incident  radiation  containing  many  wavelengths  were  introduced  into  the  system, 
the  output  of  the  detector  would  consist  of  a  superposition  of  all  the  ac  signals  which 
correspond  to  all  the  wavelengths  in  the  source. 

The  output  of  the  interferometer  system  is  tape  recorded  and  played  back  through  an 
audio  wave  analyzer  to  recover  the  infrared  spectrum. 

The  scan  drive  must  be  linear  and  constant  and  the  effects  of  source-  ntensity  varia¬ 
tions  must  be  negligible.  Either  01  these  can  cause  apparent  spectral  peaks  in  the 
output. 

19.4.2.7.  Double-Beam  Optical  Null  Spectrophotometer.  An  example  of  a  double¬ 
beam  optical  null  system  is  the  Beckman  spectrophotometer  shown  in  Fig.  19-15. 
The  instrument  utilizes  a  double  monochromator  which  is  convertible  to  single-beam 
operation. 


Fig.  19-15.  Beckrran  lR-4  automatic  recording  infrared 
spectrophotomete  r . 


For  double-beam  operation,  radiation  from  a  Nemst  glower,  N,  passes  through  the 
half  mirror,  Ci,  rotating  at  11  cps.  The  radiation  then  passes  through  the  sample 
during  one  half  revolution  of  the  mirror,  where  it  is  recombined  by  the  sinmchronously 
rotating  half  mirror,  C2.  During  the  other  half  revolution  of  the  mirror,  the  beam  is 
deflected  through  the  reference.  Mirror  C\  chops  the  radiation  beam  at  11  cps  and 
directs  it  alternately  through  the  sample  and  through  the  reference. 

The  recombined  beam  is  then  directed  through  the  controllable  entrance  slit,  S, 
into  the  first  of  two  monochromators.  In  the  first  monochromator,  the  beam  is  transmit¬ 
ted  by  a  collimator,  Cob,  through  a  prism,  Pu  and  associated  Littrow  mirroi s  for  initial 
dispersion.  This  dispersed  beam  then  passes  through  fixed-width  entrance  slit  St, 
into  the  second  monochromator.  Here  collimator  Col»  transmits  it  through  prism  Pi 
and  Littrow  mirrors  for  further  dispersion. 

The  doubly  dispersed  monochromatic  beam  now  exits  throe  ~h  the  controllable  exit 
slit,  Sa,  and  is  focused  on  a  thermocouple,  T.  The  signal  from  the  thermocouple  is 
amplified  and  used  to  position  an  optical  attenuator,  A  in  the  beam  path,  so  that 
the  radiation  transmitted  by  sample  and  reference  beams  are  equal  in  intensity.  The 
position  of  the  optical  attenuator  determines  the  position  of  the  recorder  pen,  producing 
linear  wavelength  records. 
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For  single-beam  operation,  the  reference  beam  is  blocked.  The  thermocouple  re¬ 
ceives  only  energy  iirom  the  sample  beam,  chopped  at  11  cpe.  The  amplified  thermo¬ 
couple  output  is  recorded  directly  by  the  pen. 

19.4.2.8.  Direct-Ratio  Spectrophotometer.  A  direct-ratio  system  is  used  in  the 
Perkin-Elmer  instrument  (Fig.  19-16).  This  is  the  same  as  the  opueci  null  system  in 
that  the  two  radiation  beams  are  simul'.aneouslv  compared.  In  this  case,  however, 
a  separate  electrical  signal  proportional  to  each  beam  is  separated  by  a  phase-sensitive 
detection  signal.  The  reference  beam  is  placed  across  the  slide  wire  of  a  recording 
potentiometer  and  the  sample  signal  fed  to  a  standard  strip  char*  recorder  so  that  the 
ratio  between  reference  and  sample  begins  is  automatically  recorded.  Th  optical 
system  of  the  instrument  is  shown  in  the  figure. 


Fig.  19-16.  Perkin-Elmer  universal  spectrophotometer  Mode  13-U. 

19.5.  Interfercmclers 

Interferometers  divide  a  beam  of  light  into  two  or  more  parts  which  travel  different 
paths  and  recombine  to  form  interference  rings  The  form  of  those  rings  is  determined 
by  the  difference  between  the  optical  paths  of  the  successive  beams.  Interferometers 
measure  the  difference  in  optical  path  length  and  refractive  index. 

19.5.1.  Rayleigh  Interferometer  [7].  In  the  Rayleigh  interferometer  shown  in  Fig. 
19-17,  monochromatic  light  from  linear  source  S i  falls  on  a  screen  and  is  split  into 
two  beams  by  well-separated  slits,  Sz  and  S3.  The  light  is  rendered  parallel  by  lens 
Li  and  passes  through  two  exactly  similar  tubes,  closed  at  each  end  by  transparent 
windows.  The  contents  of  the  tubes  (liquid  or  gaseous/  determine  the  positions  of  the 
fringes  by  the  path  difference  introduced  between  the  two  beams.  The  beams  leaving 
the  tubes  are  focused  by  lens  Li,  producing  ~n  image  whose  bandwidth  is  determined 
by  the  width  of  S3  and  S3  and  by  the  magnification  of  the  system. 


Fig.  19-17.  Rayleigh  interferometer. 
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F’ro.  19-18.  Micheleon  interferometer. 

19.5.2.  Micheleon  Interferometer.  The  Michelson  interferometer,  shown  in  Fig. 
19-18,  consists  of  two  plane  mirrors,  M,  and  Af2,  one  of  which  is  adjustable,  and  two 
plane-parallel  plates,  G\  and  Gi.  Lighi.  f-otn  an  extended  Bource  is  incident  at  45°  on 
plate  Gi,  (partially  silvered  on  the  rear  surface)  and  is  divided  into  reflected  (path  A) 
and  transmitted  beams  (path  B)  of  equal  intensity.  The  light  reflected  from  mirror  Af, 
passes  through  plate  Gi  a  third  time  before  it  reaches  the  eye.  The  light  reflected  from 
mirror  Af*  passes  back  through  G*  »  second  time,  is  reflected  from  the  surface  of  plate 
Gi ,  and  into  the  eye.  The  two  bos’iis  have  a  phase  difference  governed  by  the  difference 
in  the  two  paths. 

Compensating  plate  Gt  compensates  for  the  passage  of  light  through  the  plate  in 
path  A.  Its  use  is  not  essential  for  producing  fringes  in  monochromatic  light  but  is 
indispensable  when  white  light  is  used.  The  light  from  every  point  on  the  extended 
source  interferes  with  itself  according  to  the  distance  between  mirror v,  or  according 
to  the  different  length  of  arms  A  and  B.  Constructive  interference  will  occur  when 


2d  cos  6  =  mX.  (19-16) 

where  d  =  path  difference 

6  =  angle  to  a  source  element  imaged  by  M,  or  Aft  as  seen  by  the  eye 


19.5.3.  Twymaa-Green  Interferometer  [7].  In 
the  Twyman-Green  interferometer,  a  Mhhelson 
interferometer  is  illuminated  with  strictly  parallel 
monochromatic  light,  produced  by  a  point  source  at 
the  principal  focus  of  a  well-corrected  lens.  As 
shown  in  Fig.  19-19,  light  comes  from  a  pinhole,  P, 
at  the  principal  focus  of  a  lens,  L A  second  lens, 
L j,  focuses  the  emerging  light  into  the  eye.  By 
th?  use  of  collimated  light,  the  fringes  at  infinity 
car.  be  seen  at  a  finite  distance  (sue!  as  on  one  of 
the  surfaces  of  a  prism)  because  of  the  greatly  in¬ 
creased  depth  of  focus.  In  addition,  the  light  is 
made  to  traverse  the  optical  part  under  test  (a  prism 
in  Fig.  19-19),  making  the  result  of  the  vest  explicit. 


Fio.  19-19.  Twyman  Green 
interferometer. 
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Fig.  13-20.  Fabry-Perot  interferonKCer. 


19-5.4.  Fabrj-Perot  Interferometer  [8].  The  Fahry-Perul  interferometer,  shown 
in  Fig  19-20,  consists  of  two  quartz  or  glass  piates,  one  face  of  »ach  worked  very  flat 
(l/20</i-l'100</i  fringe),  partially  aluminized,  and  separated  by  a  spacer  which  renders 
the  two  faces  exactly  parall  m.  The  outer  faces  form  a  small  wedge  angle  with  the 
working  faces  to  prevent  spurious  fringes.  Any  entering  ray  wi’l  be  reflected  back 
and  fGrth  between  the  faces,  and  at  each  reflection  some  radiation  will  be  transmitted. 
Some  live  to  thirty  successive  rays  which  result  from  a  single  incident  ray  will  be 
transmitted  These  reinforce  each  other  if  the  path  distances  between  the  two  internal 
faces  are  integral  multiples  of  the  wavelength.  Tne  condition  for  obtaining  a  bright 
fringe  is  given  by  nk  =  2t  cos  0  =  2t,  approximately,  since  6  is  small.  The  pattern  pro¬ 
jected  on  the  slit  of  the  spectrograph  is  a  series  of  co  acentric,  circular  interference 
fringes  governed  by  the  relation 


7® 


(19-16) 


where  n  =  order  of  .interference  at  the  center  of  the  ring  system 
t  =  separation  of  the  plates 
D  -  diameter  of  a  particular  ring  of  wavelength 
f-  focal  length  of  the  lens  which  projects  the  fringes  on  the  slit 


The  term  2 tlk  represents  ihe  integral  Gluci  ui  interference  of  the  innermost  ring, 
and  the  last  term  of  Eq  \19-16)  represents  the  fractional  order  between  a  ring  of  diam¬ 
eter  D  and  the  center. 

The  quantity  t  must  first  be  determined  by  measurements  on  a  known  wavelength 
standard.  Thereafter  the  wavelengths  of  unknown  lines  can  be  measured  to  thou¬ 
sandths  of  an  angstrom,  if  the  lines  themselves  are  sufficiently  sharp. 

At>  the  thickness  of  the  aiuminized  or  multiple-layer  coating  increases,  the  number 
of  the  reflections,  and  hence  o',  the  interfering  rays,  increases,  so  that  the  fringes  become 
sharper.  Absorption  also  becomes  greater,  causing  the  intensity  of  the  pattern  to 
decrease.  Reflectivity  ia  generally  considered  the  best  compromise  between  high 
resolution  and  low  intensity.  Quantitatively,  the  resolving  power  is  given  by 


V  _  27rn  Vr  SV'r 

dh  V4.45  (1  —  r)  "  i  -  r 


(19-17) 


where  3Vr/(l  -  r)  can  considered  ph/idcally  as  a  measure  of  the  effective  number  of 
interfering  b-jams 

The  Fabiy-Perot  interferometer  achieves  the  highest  resolution  of  any  known  optica! 
element  WavcW.gtb  nivasuremt  ts  can  be  made  to  thousandths,  or  even  ten  thou¬ 
sandths.  of  an  angstrom,  and  the  instrument  is  used  almost  exclusively  for  ultrahigh 
resolutio... 
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For  a  Fabry-Perot  interferometer,  the  free  spect'  al  ~8.ige,  expressed  in  angstroms, 
is  given  by  F*  =  so  that  for  Hg  (  =  5461  A), 

(5461)* 

h\  = - =  0.15  A  (19-18) 

2  x  10* 

Thus,  a  high -dispersion  high-resolution  spectrograph  is  required  to  avoid  overlapping 
orders  in  the  Fabry-Perot  pattern.  In  practice,  a  diameter  of  the  ring  pattern  of  the 
etalon  is  focused  on  the  slit  of  a  large  spectrograph  and  some  overlapping  is  tolerated 
for  lines  closer  than  1  to  5  A. 

IS.;.'  5,  Spherical  Fabry-Perot  Interferometer  [9].  At  resolutions  of  several 
million,  the  luminosity  of  the  Fabry-Perot  interferometer  decreases  and  sources  at 
resolutions  in  this  order  are  inherently  weak.  The  spherical  Fabry-Perot  interferom¬ 
eter  permits  considerable  progress  in  the  study  of  phenomena  ir.  the  area  of  hign  re¬ 
solution. 

The  instrument,  shown  in  Fig.  19-21,  consists  of  two  sphencal  mirrors  whose  separa¬ 
tion  is  equal  to  the  radius  of  curvature  r,  so  that  the  paraxial  ♦oci  coincide  and  the 
instrument  is  an  afocai  system.  One  half  of  the  surface  of  the  mirrors  is  semi-ref.ecting 
and  the  other  half  is  fully  reflecting.  Any  incident  ray  gives  rise  to  an  infinite  number 
of  outgoing  rays  which  are  coincident,  and  not  only  parallel,  as  with  the  plane  Fabry- 
Perot  instrument.  Neglecting  aberrations,  their  ->ath  difference  i:>  A  —  4 r,  a  constant. 
This  requires  that  both  mirrors  lie  stopped  down  with  circular  cLaphagms  of  diameter 
d.  It  can  be  shown  that  d  increases  with  r,  and  that  the  light-.,athering  power  is  pro¬ 
portional  to  r  (and  thus  to  the  theoretical  resolving  power  R<  instead  of  being  inversely 
proportional  to  R,,).  For  practical  useful  vaiues  of  r  (a  few  centimeters),  d  always 
remains  quite  small  (a  few  millimeter* permitting  relatively  easy  fguring  of  nearly 
perfect  spherical  plates  of  this  site. 


Fig.  19-21.  Spherical  Fabry-Peroi  interferometer. 


19.5.6.  Lummer-Gehrcke  Plate.  The  Lummer-Gehrcke  nlate  (Fig.  19-22)  utilizes 
the  interference  between  successive  reflections  in  a  thin  quaivt  plate.  Light  is  intro¬ 
duced  to  the  plate  by  a  total  re ''action  prism  L,  It  then  undergoes  multiple  internal 
reflections  very  near  the  critical  angle  of  total  reflection.  The  beams  emerging  at  a 
grazing  angle  are  brought  to  interference  by  a  semnd  lens:  L t.  High  reflectance  and 
resolving  power  p re  thus  obtained  with  unsilvered  surfaces. 


Lummer-Gehrcke  Plate 


Fig.  14-22  L.ummer-Gehrcke  plate  interferometer 
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19.5.7.  Spectra!  Transmittance  of  Interferometers  f4j.  The  spectral  transmit¬ 
tance  functions,  r(X)  of  the  Fabry-Perot,  Lummer  Gehrcke  plate,  o.nd  Michelson  inter¬ 
ferometers  are  described  below. 

Fabry-Perot  interferometer : 


T  (X)  ~ 


(l 


7J*/4p 


-I-  tj’  sin*  irp  / 


(19-19) 


where  v*  =  — — — 

r  (1-p)1 


p  =  the  reflectance  of  the  coatings 
p  =  the  order  number 


and 


AX  — 


X*  1  —  p 
2tt:  p 


where  f  =  spacer  thickness 
L' anmer-Gehivko  r  late: 


(1  —  pv)a  -f  4pv  sin1  (nbNIX) 
(1  —  pP  +  4p  sin*  (rr6/ X) 


(19-20) 


(19-21) 


where  -V  ~  number  of  emergent  beams  obtained  for  a  given  plate  length  and  angle  of 
emergence 

6  =  path  difference  between  two  successive  beams 


Michelson  interferometer: 


t  (X)  ~  F,  •  Fi  ■  Ft 


( 19-22' 


where  ft,  Ft  are  factors  for  the  Fraunhofer  patterns  obtained  with  rectangular  objects 
(they  are  of  the  (sin1  0)//9*  form) 

Ft  describes  the  interference  pattern  due  to  the  N  steps  of  the  echelon 
Figure  19-23  shows  the  spectral  transmittance  in  a  Michelson  interferometer,  where 

a  =  amplitude  of  iiutial  incident  radiation  at  B 
c/2  =  amplitude  of  radiation  in  paths  BM\  and  BMt 
a'  -  amplitude  of  exit  radiation 
hi,.  Mi  =  mirrors 

3  —  beamsplitter 


Fig.  19-23.  Spectral  transmittance 
in  Michelson  interferometer. 
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The  amplitude,  a,  of  an  inciden’  wave  can  be  considered  to  be  split  equally  into  two 
pads  by  the  beamsplitter.  B  neglecting  factors  such  as  phase  shift,  on  reflection,  the 
need  for  compensation  plates,  and  othe.'  departures  from  the  ideal  case.  Assuming 
M  and  M%  to  be  perpendicular,  the  divided  amplitudes  a/2  are  associated  with  the  two 
paths,  BM i  and  BMi,  the  amplitude  of  the  emergent  wave,  a',  is  thi  result  of  the  vector 
“ddition  of  one-half  of  each  of  these  amplitudes.  The  emergent  intensity  distribution 
is  obtained  by  a  "*  a',  where  a'*  is  the  complex  conjugate  of  a'.  Thus  the  transmittance 
for  a  Michelson  interferometer  for  wave  fronts  which  ara  parallel  to  M,  and  Mi  is 

r  (\)  •'-  a*  cos*  (5/2)  (19-23) 

whei  e  S  =  4 nt/\ 

t  —  relative  displacement  of  Mi  from  the  zero  phase  position,  i  e.,  from  BMt  —  BMt 

In  the  absence  of  multiple  reflections,  the  interference  fringes  obtained  are  quite 
broad  its  compared  to  those  from  a  Fabry-Perot  interferometr  r.  However,  high  re¬ 
solution  can  still  be  obtained  with  long  pa:h  differences  if  th,.-  problem  of  overlapping 
orders  can  be  easily  solved.  If  tho  movable  mirror  is  oscillated  in  a  sawtooth  wave  so 
that  the  minor  moves  at  a  constant  velocity  for  an  appreciable  portion  of  a  wave  cycle, 
then  the  transmission  of  the  interferometer  also  varies  for  each  wavelength.  The 
output  frequencies  of  such  an  interferometer-spectrometer  are  directly  related  to  the 
wave  numbers  present  in  the  incoming  radiation.  Wavelength  identification  is  not 
difficult  in  this  method  of  operation.  On  the  other  hand,  Fabry-Perot  interferometers 
used  with  large  spacers  require  careful  order  sorting.  Graphical  means  exist  which  can 
greatly  simplify  this  problem. 

References 

1.  M.  R.  Hotter  et  al.,  Fundamentals  of  Infrared  Technology ,  Macmillan,  New  York  (1‘.  52). 

2.  Infrared  Target  an d  Background  Radiometric  Measurements:  Concepts,  Units,  and  Technique*, 
Report  of  the  Working  Group  on  Infrared  Backgrounds  fWGIRB),  Rept.  No.  2389-64-T,  Institute 
of  Science  and  Technology,  The  University  of  Michigan,  Ami  Arbor,  Mich.  AD  289  810. 

3.  H.  I.  Sumnicht.  Infrared  ’Effective’  Radiation,”  Pro:.  IRIS,  IV,  1,  52  (1959). 

4.  F.  E.  Nicodemus  and  G.  J.  Zissis,  Methods  of  Radiometric  Calibration,  liept.  No.  4613-20-R, 
Institute  of  Science  and  Technology,  The  University  of  Michigan,  Ann  Arbor,  Mich.  (October 
1962). 

5.  Techniques,  Barnes  Engineering  Go.,  Stamford,  Conn.  (Spring  1956). 

6.  H.  L.  Hackforth,  Infrared  R'tdiation,  McGraw-Hill,  New  York,  (1960),  Chapter  9. 

7.  J.  Strong,  Concepts  of  Classical  Optics,  Freeman,  San  Francisco  ( 1968),  Appendix  B. 

8.  G.  L.  Clark.  The  Encyclopedia  of  Spectroscopy,  Reinhold,  New  York  (I960:,  pp.  258,  259. 

9.  P.  Jacquinot,  "New  Developments  in  Interference  Spectroscopy,”  H*ots.  Piwfr.  Phys.,  23,  267- 
312  (1960). 


BLANK  PAGE 


Chapter  20 

SPACECRAFT  THERMAL 

DESIGN 

L.  H.  Hemmerdinger  and  R  J.  Hembach 

Grumman  Aircraft  Engineering  Corporation 

- - 


CONTENTS 

20.1.  Definitions . . .  .  704 

20.1.1.  Thermal  Radiation  Properties  Terms . 784 

20.1.2.  Space  Technology  Terns . 785 

20  2  Basic  Heat-Transfer  Theory . 785 

20.2.1  Conduction . 785 

20.  V,  2.  Radiant  Heat  Transfer  Between  Two  Surfaces . 787 

20.3.  Thei  mcl  Coatings  for  Spacecraft . 787 

20.3.1.  Optical  Design . 787 

20.3.2.  Environmental  Consideration . 792 

20.4.  Solar  System . 793 

20.5.  Angular  Dependence  of  Reflectivity . 793 

20.6.  Measurement  of  Absorptivity  and  Emissivity . 716 

20.6.1.  Spectrai  Measurements . 796 

20.6.2.  Thermal  Measurements . 799 

20.7.  Spacecraft  Thermal  Balance . 811 

20.7.1.  Deep  Space  Probes . 311 

20.7.2.  Satellites . 812 

20.7.3.  Thermal  Design .  821 

20.8.  Testing . 823 


783 


20 


Spacecraft  Thermal  Design 


20.1.  Definition!! 

The  definitions  given  below  are  in  accord  with  the  notation  of  Worthing  an  j  Halliday 
[1].  This  notation  and  the  applied  concepts  have  appeared  in  a  recent  report  by  some 
employees  of  NBS  [2]  and  are  rapidly  being  adopted  throughout  the  aerospace  indus¬ 
tries,  although  they  are  not  ncceosp.  ily  accepted  by  others.  These  are  related  paren¬ 
thetically  to  the  notation  in  Chapter  2. 

20.1.1.  Thermal  Radiation  Properties  Terms  f  1-3). 


Symbol 

Term 

Units 

Definition 

R,  W . 

...  Radiancy 
(Emittance) 

w  cm* 

The  rate  of  radiant  energy  emission  from 
a  unit  urea  of  a  source  in  all  the  radial 
directions  of  the  overspreading  hemi¬ 
sphere.  The  superscript  b  or  0  indi¬ 
cates  a  biackbody  value. 

N . 

...  Steradiancy 
(Radiance-1) 

w  cm-* 

The  rate  ui  radiant  energy  emission  per 
unit  solid  angle  per  unit  of  projected 
area  of  a  source,  in  a  stated  angular 
direction  from  the  surface. 

H . 

..  I  r  adiance 

w  cm-* 

The  power  per  unit  area  incident  on  a 
surface. 

< . 

...  Emittance 
(Emissivity) 

The  ratio  of  the  rate  of  radiant  energy 
emission  from  a  body,  as  a  consequence 
of  its  temperature  only,  to  the  co.  re¬ 
sponding  rate  of  emission  from  a  black- 
body  at  the  same  temperature. 

a  . 

.  .  Absorptance 

•- 

The  ratio  of  the  radiant  energy  absorbed 
by  a  body  to  that  incident  upon  it. 

p . 

....  Reflectance 

The  ratio  of  the  radiant  energy  reflected 
by  a  body  to  that  incident  upon  it. 

«,  a.  p . 

....  Emissivity, 
Absorptivity, 
Reflectivity 

Special  cases  of  emittance,  absorptance, 
and  reflectance;  these  are  fundamental 
properties  of  a  material  that  has  an 
optically  smooth  surface  and  is  suffi¬ 
ciently  thick  to  be  opaque. 

T . 

...  Transmittance 

The  ratio  of  the  radiant  energy  trans¬ 
mitted  through  a  body  to  that  incident 
upon  it. 

c.  a.  p.  ana  t  require  additional  qualification  for  precise  definition.  The  following 
terms  aie  used  as  modifiers,  and  the  symbols  are  used  as  subscripts:  X  =  spectral; 
T  =  total;  H  -  hemispheric*!;  N  =  normal.  In  the  list  below  these  modifiers  are  com¬ 
bined  with  emittance  as  an  example.  Each  tern,  denotes  surface  temperature  ref¬ 
erenced  to  a  blackbody  at  the  same  temperature. 
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€ K . 

....  Spectral 
emittance 

Ratio  of  spectral  radiancy  (or  mono¬ 
chromatic  radiancy  at  a  given  wave¬ 
length)  from  a  body  to  that  of  a 
blackbody. 

*r . 

....  Total 

emittance 

Total  radiancy  (radiation  over  the  entire 
spectrum  of  emitted  wavelength)  from 
a  body  to  that  of  a  blackbody. 

fH . 

....  Hemispherical 
emittance 

Radiancy  from  a  body  to  that  of  a  black¬ 
body. 

(t . 

....  Directional 
emittance 

Sterad'ancy  from  a  body  to  that  of  a 
blackbody  at  an  angle  8. 

€,v .  Normal  The  special  case  of  directional  emit- 

emittance  lance  when  the  emittance  is  in  a 

direction  normal  to  the  surface. 

For  more  precision,  subscripts  are  combined: 

€  TH . 

. Total  hemispherical  omittance 

€r.v . 

....  Total  norma!  emittance 

fkH . 

....  Spectral  hemispherical  emittance 

€x.v . 

.  Spectral  normal  emittance 

20.1.2. 

Space  Technology  Terms. 

Albedo 

(Reflected  Solar  Radiation' 

The  ratio  of  the  total  solar  radiant  ener¬ 
gy  rctun  d  by  a  body  to  the  total  solar 
radiant  energy  incident  on  a  body. 

Insolation 
(Solar  Radiation) 

The  irradiation  of  a  body  by  direct  total 
solar  radiant  energy. 

Earth 

Shine 

(Earth  Radiation) 

The  total  radiancy  from  the  earth  as  a 
consequence  of  its  apparent  tempera¬ 
ture. 

Celestial 

Sphere 

A  sphere  of  infinite  radius  whose  center 
is  the  center  of  the  earth,  and  upon 
which  appear  projected  the  stars  and 
other  astronomical  bodies. 

Ecliptic 

The  great  circle  on  the  celestial  sphere 
formed  by  its  intersection  with  the 
plane  of  the  earth’s  orbit. 

Ecliptic 

Plane 

The  plane  defined  by  the  orbit  of  the 
earth  about  the  sun. 

Planet 

Inclination 

The  angle  between  the  orbit  of  the  planet 
about  the  sun  and  the  ecliptic  plane. 

Equatorial 

Inclination 

The  angle  between  the  planet’s  equator 
and  the  ecliptic. 

20.2.  Basic  Heat-Trmnsfer  Theory 

20.2.1.  Conduction.  The  gener.il  conduction  equation  holds  in  space  as  in  a  gravity 
Sold,  although  surface  interface  conductances  may  be  altered  due  to  the  effects  of  the 


vacuum. 
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P  =  <?■-.  -  -  A(T,  -  Tt)  =  M(T,  -  7\) 

x 


where  k  —  thermal  conductivity  Btu.  (hr  ft  °F)_I  w(cm  °C)  1 

x  =  thermal  path  ft  (cm; 

A  —  iToas-section  area  ft1  (cm*) 

T  =  temperature  °F  (°K) 

k 

—  =  h  —  therma.  «.  onductance  Btu  (hr  ft*  ’F)  1  w  cm  *  (“C)1 
q,P  =  heat  flow,  power  Btu  hr  1  w 


Thermal  joint  conduction  in  a  vacuum  has  been  analyzed  by  Fried  [4 j  and  by  ^ried  and 
Cosiello  [5],  and  some  typical  examples  are  presented  in  Fig.  20-1,  20-2,  and  20-3. 


Fig.  20-1.  Thermal  contact  conductance  Fig.  20-2.  Thermal  contact  conductance 
for  aluminrm  and  magnesium  joints  in  for  aluminum  joint  with  metallic  shims  in 
vacuum  (5).  vacuum  15). 


0  5  10  IS  20  2$  T 0  35 


CONTACT  PRESSURE  (pal) 

Fia.  2C-o.  Thermal  contact  cor,  '^.'Tce  for 
nonmetallic  shims  in  vacuum. 
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20.2.2.  ftniinnt  Hc;tf  T  ransfer  Between  Two  Surfaces. 

P.  ,  =  A,P,F>(7V  -  7V) 

where  Fa  and  F,  an*  ts  defined  in  Table  20-1  [6],  cr  iB  the  Stefan- Boltzmann  constant, 
and  thj  other  terms  are  as  previously  defined. 


Table  20-1.  Values  of  Fa  and  F„* 


Fa 

F( 

Surface  A ,  small  compared  with  the 
totally  enclosing  surface  A-_ 

l 

ti 

Surfaces  A ,  and  A  t  of  parallel 
discs  squares,  2:1  rectangles, 
long  rectangles 

Fig.  20-4 

Surface  dA  ,  and  parallel  rectangular 
surface  A  t  with  one  corner  of 
rectangle  above  dA  , 

Fig.  20-5 

t|£  2 

Surfaces  A,  or  A*  of  perpendicular 
rectangles  having  a  common  side 

Fig.  20-6 

tie  2 

Surfaces  A  ■  and  A,  of  infinite 
parpllel  planes,  or  surface  A,  of 
a  completely  enclosed  body  is  small 
compared  to  with  A, 

1 

JL 

1 

Concentric  sph  .  es  or  infinite 
concentric  cylinders  with 
surfaces  A  i  and  A  * 

*For  more  information  nee  [7|  and  [8]. 

1 

i 

<•  A,  '  / 

20.3.  Thermal  Coatings  for  Spacecraft 

20.3.1.  Optical  Design.  The  'nermal  control  of  space  vehicles  depends  ultimately 
on  the  radiation  exchange  of  their  8"rfaces  with  iheir  environment.  Adjustments 
depend  largely  upon  the  availability  of  materials  with  desirable  spectral  absorptance 
(emittance)  characteristics.  Materials  which  absorb  little  or  no  solar  radiation  and 
absorb  (or  emit)  much  radiation  characteristic  of  bodies  at  about  300° K  are  very  useful. 
In  general,  no  material  does  this  completely,  but  the  degree  can  be  specified  by  an 
ait  ratio: 


ajtit,  - 


I  //*ax  dk  /  j  Hx  dk 
Jto Ur  /  J  »olur 


J, 


Rbktidk.'  I  R tudk 

KK /  J  iWA 


where:  the  subscript  s  represents  soiar  and  th represents  thermal. 

About  95.3%  of  the  sun’s  energy  falls  in  the  spectral  range  from  0.3  to  2.5  n,  1.2% 
below  0.3  n,  and  3.4%  above  2.5  ,u.  See  Fig.  20-7  to  20-9  for  solar  and  atmospheric 
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Fic.  20  4.  Radiation  between  purollel  pis  es,  directly  opposed.  1 -2-3-4, 
direct  radiation  between  the  planes.  5-B-7-8,  planes  connected  by  non¬ 
conducting  but  reradiating  walls.  1-5  are  discs;  2-6  are  squar.  3-7  are 
2:1  rectangles;  4-8  are  long  "arrow  rectangles  (91. 


Fig  20-5.  Radiation  between  an  element  and  a  parallel  plane.  Radiation 
between  surface  element  dA  and  rectangle  above  and  parallel  to  it,  with  one 
comer  of  rectangle  contained  in  normal  to  dA.  L,,  L,  =  sides  of  rectangle; 
Lj  =  distance  from  dA  to  rectangle;  Fa  -  fraction  of  direct  radiation  from  dA 
intercepted  by  rectangle  [9]. 
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0  0.5  1.0  1.5  2.0  2.5  3.0  3.5  4.0  5  6  78  910® 


DIMENSION  RATIO,  R2 

Fig.  20-6.  Radiation  between  perpendicular  planes.  Kadietio'  between  adjacent  rectangles 
in  perpendicular  planes,  lit  is  the  ratio  of  the  length  of  the  uir  que  side  of  that  rectargle  on 
whose  area  'he  heat-transfer  equation  is  based  to  the  length  of  the  common  side,  yls  in  figure. 
Rt  is  the  icu.o  of  the  length  of  the  unique  side  of  the  other  rectangle  to  the  length  of  the  <  omaion 
side  191. 


Fig.  20-7.  The  Johnson  solar  spectrs  curve  (10). 
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% 


WAVELENGTH  (m) 


Fic.  20-8.  Relative  spectral  distributions  of  albedo  radiation  under 
verioua  sky  conditions. 


0  10  30 

WAVELENGTH  (*' 


Fig  20-9  A  typical  spectral  emissive  power  curve  ror  the  thermal  radiation 
leaving  the  earth.  ("Hie  t:88°K  blackbody  curve  approximates  the  radiation 
from  the  eaiJi's  surface,  and  the  218“K  blackbody  curve  approximates  the 
relation  from  the  atmosphere  in  th-'mc  spectra!  regions  where  the  atmosphere 

IS  Opaque.) 


radiations.  The  maximum  spectra!  energy  ia  er'itted  in  the  0.5-p  region.  Therefore, 
the  solar  absorpt&nce  a,  of  a  coating  depends  upon  the  thermal  radiation  properties  of 
the  coating  in  the  0.3  -  2.5  n  range  of  the  spectrum.  Thus 


rtin 

I  aJJA  d> 

J  0  3m 


1.5M 

HidX 

3  M 


Hrjm»ej4£t|t  f 


THERMAL  COATINGS  FOR  SPACECRAFT 


791 


About  0.001%  of  the  radiation  f:om  a  3C0°K  biackbody  falls  below  -.5  p  and  about 
95%  falls  below  40  j,.  Therefore  a  definition  of  emittance  at  .SOCK  is* 


r*oM 

Rt 

J  1. 5a 


(k-Rbk 


'20-2) 


dk 


The  40 -y  upper  limit  is  arbitrary  and  can  be  altered  as  satellites  with  lower  tempera¬ 
tures  and  longer  wavelength  blackbody  curves  are  considered.  The  emissivities  of 
some  materials  which  have  high  and  low  ratios,  and  some  which  are  also  ur  ful  as  flat 
absorbers  and  reflectors,  are  shown  in  F<g.  20-10.  Characteristics  of  optimum  and 
practical  surfaces  are  shown  in  Fig.  20-11,  See  also  Chapter  8. 


WAVELENGTH  (ji) 


WAV  ELENOTH  (u) 


Fig.  20-10.  Representative  spectral  emisnivity  curve*  "or  four  i<‘eal  surface* 


Fig.  20-11.  Radiation  characteristic*  attainable  with  optimum 
surface*  compared  to  those  attainable  with  currently  available 
material*. 


*The  ratio  will  often  be  written  simply  a*  <tlt  rather  than 
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20.3.2.  Environment*!  Consideration.  Aside  from  the  theoretical  analysis  of 
thermal  control  systems,  particular  emphasis  must  be  placed  on  the  practical  aspects 
involvsd  in  manufacture,  storage,  and  launch  conditions  that  have  adverse  "fleets  on 
the  assumed  values  of  a.ltn 

Extreme  care  must  be  taken  to  prevent  scoring,  fingerprints,  oil  films,  etc.,  on  the 
thermal  coating;  these  will  alter  the  a,!(.,u  ratio  as  prescribed  by  analyses. 

Ultraviolet  radiation  degrades  the  transmission  of  some  films.  A  series  of  ultra¬ 
violet  degradation  values  is  presented  in  Table  20-2  [81. 

Little  v/ork  has  been  done  on  the  degrading  effects  that  meteoroid  bombardment  has 
on  coatings,  although  data  on  the  particle  environment  are  avai'able  (Fig.  20-12). 


Table  20-2.  Ultraviolet  Degradation  of  a. 


Material  Description 

Exposure 

Optical  Data* 

Remarks 

1 

t 

E 

Initial 

£mai 

White  Paints 

a. 

« 

a.  * 

a, 

c 

£>a/f 

Sicon  7  x  1153 

6 

12 

72 

0.25 

0  89 

0.283 

0  33 

0.88 

038 

4  costs  on  Dow  15  on  Mg  HM-21 A 

Sicon  7  x  1 153 

6 

100 

600 

0.26 

0  90 

0.29 

0  37 

0  82 

0.45 

3  coata  on  Dour  1 5  ot*  Mg  HM-2 1 A 

Siam  7^1 15d 

6 

100 

600 

0.31 

0  89 

0.35 

0  59 

088 

0.67 

4  coata  on  Dow  17  on  Mg  HM-21A 

Skyspar  A -4 23 

6 

25 

150 

0.23 

089 

0.26 

0.36 

091 

0.4 

4  coata  on  P-323-B  on  Dow  17  on 

Mg  HM  21 A 

Skyapar  A  t  2.3 

6 

46 

276 

026 

0.93 

0  28 

9.37 

0.92 

0.4 

3  coata  r  1  P-323-B  on  Dow  17  on 

Mg  HM  21A 

Skyspar  A -4 23 

6 

12 

72 

0.28 

0.9 

031 

0.31 

090 

034 

5  coata  on  P-323-B  on  Dow  17  on 

Mg  HM-21  A 

Kemacryl 

6 

25 

150 

0.27 

080 

0  34 

0.32 

0.80 

04 

3  coats  on  Dow  17  on  Mg  HM-21  A 

M49WC  17 

6 

25 

150 

0.26 

0.79 

733 

0.32 

o;  j 

041 

4  cot-d  on  Dow  17  on  Mg  HM-21A 

M49WC  !7 

6 

100 

600 

026 

079 

0.53 

0  33 

0.82 

0.40 

4  coata  on  Dow  17  on  Mg  HM-21  A 

Fuller  517-W-t  Silicone 

6 

26 

160 

0.33 

062 

040 

0.35 

0.84 

042 

2  mils  on  Mg  HM-21  A 

Fuller  5I7-W-1  Silicone 

6 

25 

150 

0.28 

0.87 

0.31. 

0.30 

0.85 

0  36 

4  mils  on  Mg  HM-21A 

Fuller  51"W-1  Silicone 

6 

46 

276 

033 

C.85 

0.29 

0  87 

034 

3  cr  its  on  Mg  HM-21  A 

LMSC  Research  Paints 

Sodium  Silicate  TT 

•t  Ultra 

6 

91 

546 

0  29 

0  82 

034 

0.32 

0.89 

0  37 

Sodium  Silicate 
+  l.'ltroi 

Sod'um  Silicate  "D" 

6 

119 

714 

0  29 

0  31 

0  79 

t!t>5 

0.33 

+  Ultroi 

5 

47 

282 

0.27 

0.87 

0.31 

9.47 

0  86 

0.55 

Black  Paints 

Kemacryl  M49  BC12 

6 

100 

600 

0.94 

0.88 

1  07 

0.92 

0  8* 

1.10 

4  coats  on  Dow  17  on  Mg  HM-21A 

Micobond 

6 

105 

630 

094 

0.91 

1.0* 

0.98 

0.87 

1.13 

4  coats,  on  Dow  17  on  Mg  HM-21  A 

A1  Silicone.  10043 

Fuller  171- A- 1 52 

6 

100 

600 

0  22 

0.16 

1.34 

0  33 

0.24 

1  35 

2  o-Ms 

Fuller  ’.71  A  152 

€ 

100 

wo 

0  21 

0.16 

1.26 

0.30 

0.20 

1  48 

4  mils 

Anodised  h  Kite  Finishes 

Dow  15  on  Mg  HM-21  A 

6 

12 

7  i 

0.23 

0  05 

4.47 

0.28 

0.06 

5.22 

Dow  15  on  Mg  H.*.;  ilA 

6 

10* 

630 

0.17 

0.07 

2  54 

0.37 

0  34 

1.09 

!3ow  15  on  Mg  HM-21A 
Rokide  A  < 10546)  o 

20 

12 

240 

0  18 

0.08 

2.41 

0.38 

0  11 

339 

aluminum 

Evaporated  gold  on  1/16* 

6 

95 

570 

0  31 

0.75 

0.40 

0.44 

0  74 

0  59 

Kel  F 

6 

'IS 

"14 

030 

0  0-7 

406 

0  31 

009 

345 

Severe  discoloration  if  gold  with 

surface  blistering  of  plastic. 

■  Exooaure,  £  sua  hour*)  it  a  product  of  :r.'  -naity,  /.  (aunt)  and  lime,  I,  (bourse 

•Optical  data  include  solar  abaorptanoe,  infrared  total  hemispherical  emittance,  and  poat-expoaure  data. 
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Fig.  20-12.  Meteoric  flux  [11].  References  on  the  graph  are  thoee  of  the 
original  article. 
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Upton  (283) 


20.4.  Solar  System 

Table  20-3  contains  astronomical  constants  which  are  useful  in  the  thermal  design 
of  spacecraft. 

20.5.  Angular  Dependence  of  Reflectivity 

Total  hemispherical  emissivity  and  total  normal  eir.issivity  for  opaque  surfaces 
depend  upon  how  total  directional  reflectivity  varies  with  the  angle  of  incidence.  The 
following  set  of  equations  (azimuthal  symmetry  case)  deec’-ibes  the  relationship  of  total 
hemispherical  emissivity  to  the  spectral  directional  reflectivity  of  a  coating  [18). 

(A0)2n  sin  8  cos  8d8  WSiT)  ak 

77~, -  (20  3) 

2tt  sin  8  cos  8  d8  W»°(  T)  dk 


The  total  emittance  of  a  nonblackbody  at  any  given  temperature  is  equal  to  iur  total 
absorptanoe  of  radiation  from  a  blackbody  at  the  same  temperature,  or 
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W  astronomical  unit  (AU)  —  149.4  x  10*  km.  The  temperature  of  space  ir  assumed  to  be  4*K. 
•Grumman  design  for  Orbiting  Astronomical  Observatory. 

•Total  emitted  radiation. 

‘Visible  and  infrared  .adiation,  ultraviolet  not  included. 
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*th(T)  ~  arn(T)  (Kirchhoff’s  law)  (20-4) 

wh»re  (k(8)  =  specular  spectral  emissivity 

f th(T )  =  total  hemisphencal  at  tempeialme  T  in  degrees  absolute 

aTH(T)  =  total  hemir  herical  absorptivity  for  the  same  source  temperature  7  in 
degrees  absolute 

Wk°(T)  —  llt>k  (T)  =  Planck’s  blackbody  function 
A i ,  \i  =  wavelength  limits  to  cover  95%  of  RbiT) 

The  equation  for  total  normal  emissivity  which  is  readily  measuied  in  the  laboratory, 
would  be 

f  'fM)WAT)dk 

trsiT)  =  - 9^0°  ,20-5) 

I  Vx0(7*)  dk 

A, 

€t\{T)  =  1  —  prs<T)  (for  opaque  surface)  (20-0) 

trsiT)  =  arsiT )  (KirchhofTs  'aw)  (2C-7) 

For  metal  surfaces  the  ratio  €i ■*»/«r.v  is  greater  than  1  and  for  dielectric  surfaces  may 
vary  from  0.92  to  slightly  above  1.  The  relation  is  given  in  Fig.  2  13  as  a  function 
of  the  measurable  normal  emissivity  [8],  This  is  an  empirical  relation.  For  an  ideal 
diffuse  emitter  (according  to  Lambert’s  law),  «r«/«r.v  =  1. 


Q  g  1  I _ I _ I _ J. _ J _ J _ I _ I _ J - 1 

0  0.2  0.4  r.s  0.8  1.0 


CTN 

Fig.  20-13.  Ratic  of  total  hemispherical  emissivity  to 
normal  emissivity.  The  curve  is  from  Jakob  [8]. 
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20.6.  Measurement  of  Absorptivity  and  Emtesivity 

Two  distinct  measurement  techniques  are  employed  tor  obtaining  a,  and  em,  the 
spectral  reiiecticn  technique  and  the  thermal  te^bniqi^s. 

20.6.1.  Spectral  Measurements.  The  spectral  reflection  method  is  based  on  the 
definition  of  reflectivity  which  requires  that  the  reflected  energy  be  measured  over  the 
entire  overspreading  hemisphere.  In  determining  «„  the  definition  is  c  implied  with 
in  the  0.25-2.5-pt  range  using  an  integrating  sphere-spectrophotometric  s ppnratus  [i9] 
The  resultant  property  measured  is  the  directional  spectral  reflectivity.  Int  ?g*  ation 
of  the  spectral  reflectivity  data  over  the  Johnson  cuiwe  (by  IBM  p-ogramming  or  equal- 
energy  increment-summation  techniques)  yields  total  normal  sola*  reflectivity.  When 
this  solar  reflectivity  is  subtracted  from  one,  a,  is  realized. 

On  the  basis  of  the  reflectivity-reciprocity  relation,  the  normal  or  directional  spectral 
reflectivity  in  the  2.G-50  n  range  may  be  measured  with  a  heated-cavity  reflcctometer- 
spectrophotometer  type  of  apparatus  [20],  The  sample  is  irradiated  hemispherically 
and  viewed  at  a  specific  angle  by  the  spectrophotometer’s  optical  svstem.  Integra¬ 
tion  of  the  spectral  reflectivity  data  over  the  appropriate  blackbody  curve  characteristics 
of  the  spacecraft  temperature  gives  the  total  normal  emissivity  propert.es  of  the  mate¬ 
rial.  The  total  normal  emissivity  must  be  converted  to  total  hemispherical  emissivity 
(use  Fig.  20-12).  For  precise  thermal -control  design,  the  normal  spectral  reflec¬ 
tivity  data  should  be  supplemented  with  directional  reflectivity  information  and  an 
integration  (or  discrete  summation)  performed.  The  norma)  spectral  reflectivity  data 
for  several  materials  are  shown  in  Fig.  20-14  to  20-i9  [21]. 


& 

>  60 


V  ' 

CV  \ 


0.25  0.50  0.75  1.0  2.0  3.0  *.0  5.0  6.0  7.0  3.0  11  ;3  15  17  19  21  23  25 

WAVELENGTH  Cm) 

Fig.  20-14,  Compiled  spectra!  reflectivities.  A  =  evaporated  aluminum,  25  #iin.  on  polished 
6061-T6  aluminum.  B  =  evaporated  aluminum  (0.2  fi),  on  1/4-mil  Mylar  crumpled  and  stretched, 
(looking  at  aluminum).  C  =  evaporated  aluminum  (0.2  /i)  on  1/4-mil  Mylar  crumpled  and  stretched 
(looking  at  Mylar). 


REFLECTIVITY  (%} 


Fig.  20-15.  Compiled  spectral  reflectivities.  .4  =  chromic  acid  anodize  on  24S-T81  aluminum. 
B  —  sulfuric  acid  anodize  on  24S-T81  extruded  aluminum,  chemically  milled.  C  —  hard  anodize 
(1  mil)  on  6061-T6  aluminum  (3a  amp  ft  45  volte,  20°F). 


Fig.  20-16.  Compiled  spectral  reflectivities.  A  —  polished  copper,  1?  mile  thick.  B  =  Tabor 
solar  collector  chemical  treatment  (110-30)  on  nickel-plated  copper.  C  -  Taboi  9olar  collector 
chemical  treatment  (125-30)  on  nickel-plated  copper 
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WAVELENGTH  (|i) 

Fig.  20-17.  Compiled  spectral  reflectivities.  A  —  immersion  pold,  approximately  0.03  mil,  on 
nickel-plated  copper  plate  on  6061-T6  polished  aluminum,  aged  6  months  in  air,  unpolished. 
B  =  vacuum-evaporated  gold  on  fiberglass  laminate.  C  =  gold  ash  (80  /*)  on  0.4-mil  silver  on 
Epon  glass.  D  =  white  gold  on  polished  MIL-S-5059  steci. 


Fig.  20-18.  Compiled  spectral  reflectivities.  A  =  silicon  solar  cell,  International  Rectifier 
Corp.  B  =  silicon  solar  cell,  International  Rectifier  Covp.  l.ll-p  evaporated  coat,  SiO  —  fast 
deposition  rate.  C  =  silicon  solar  cell,  Hoffman  Corp.  Type  120-C,  3-mil  glass  cover. 
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WAVELENGTH (h) 

Fig.  20-19.  Compiled  spectral  reflectivities.  .4  =  Flat  white  paint,  Fuller  No.  2882  on  2-mil 
polished  aluminum.  B  =  white  epoxy  resin  paint  of  C  =  flat  white  acrylic  resin,  Sherwin- 
Williams  M49WC8-CA-10144;  MIL-C-15328A  pretreatment  wash  coating  on  22-mil  301  stain¬ 
less  steel  1/2  hard.  D  =  white  paint  mixed  with  powdered  glass,  7  mil  on  polished  aluminum. 


20.6.2.  Thermal  Measurements.  Thermal  measurement  of  a,  and  e,*  will  yield  tTn 
directly,  but  the  a.  measurement’s  validity  depends  on  matching  the  solar  simulator 
source  with  the  spectral  distribution  of  the  correct  spectrum.  A  normalized  spectral 
curve  of  the  solar  carbon  arc  and  a  bare  xenon  lamp  shows  that  the  carbon  arc  simulates 
the  solar  spectrum  more  closely  than  other  light  sources.  Measurements  can  be 
equilibrium  or  dynamic. 

Equilibrium  Measurements  118,  21],  With  electrical  heating  and  the  property  c r.v, 
the  governing  relation  is 

I*R 


f™  oiT2*  -  TV) 

With  a  solar  simulator  as  the  heater  and  the  property  a,/cr«,  it  is 

~ -  (7V  -  7V) 

*rw  VVAp 

Dynamic  Measurements  [18].  With  the  solar  simulator  as  the  heater  and  the 
property  ajfrii,  one  makes  cooling  and  heating  measurements.  For  heating,  the 
relationship  is 

dT 

mcp  —7-  =  Ap  a„W  +  P  —  A, 
at 


For  cooling,  it  is 


dT. 

dt 


=  P  —  A,fTH<rT ,* 
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In  these  equations, 

/  =  current  to  sample  heater 
R  =  resistance  of  sample  heater 
7*  =  equilibrium  temperature  of  sample 
Ti  =  temperature  of  cold  wall  of  vacuum  chamber 
T,  =  sample  temperature 
A,  =  total  surface  area  of  sample 

Ap  =■  projected  area  of  sample  as  viewed  in  the  direction  of  illumination 
W  =  total  radiant  power  per  unit  area  from  solar  simulator 
m  —  rnsas  of  sample 

cp  —  specific  heat  of  sample  per  unit  mass 

P  —  incident  thermal  radiation  power  from  walls  of  vacuum  chamber 
P  ~  incident  thermal  radiation  for  the  cooldown  period 
t  =  time 

Since  the  thermal  radiation  properties  are  dependent  not  only  on  the  intrinsic  mate¬ 
ria'  but  also  on  the  coatings,  thickness,  ana  surface  condition,  published  numerical 
values  for  a.  and  t,*  must  be  used  cautiously.  Data  on  the  values  of  a,  and  t,h  should 
include  a  complete  statement  about  the  coating:  surface  roughness,  thickness,  cleanli- 
r  eas,  precise  chemical  composition,  and  a  complete  substrate  description  [22] .  Current 
published  data  seldom  supply  sufficient  descriptions  of  coatings,  may  even  fail  to  dis¬ 
tinguish  between  trs  and  trw,  or  may  not  associate  a  temperature  with  a  given  emittance 
figure.  The  thermal  radiation  properties  data  tabulation  (Table  20-4)  is  meant  only  to 
be  a  guide  in  materials  selection.  After  a  coating  has  been  selected  and  its  method 
of  formulation,  application,  and  handling  fixed,  the  a,  and  Cr*  properties  should  be 
measured. 

In  Fig.  20-20  to  20-28,  the  err issivr ties  of  materials  and  their  solar  absorptances 
are  given.  More  details  on  measurement  conditions,  etc.,  are  given  in  [12’. 


TEMPERATURE  (°F) 

Fig.  2C-20.  Norma!  total  emiMivity  and  total  solar  absorp¬ 
tivity  of  Inconel  X.  (Note:  temperatures  are  those  to  which 
samples  had  been  heated  before  testa.) 
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Fig.  20-21.  Hemispheric  total  emissivity  and  total  solar  absorptivity  of  molybdenum. 
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Fig.  20-22.  Normal  total  emissivity  and  total  sola'-  absorptivity  for  K-Monel. 
temperatures  are  hose  to  which  samples  had  been  hea’ed  before  lests.) 
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Fig.  20-23.  Normal  total  e.-iissivity  and  total  solar  absorptivity  for  301 
stainless  steel.  (Note:  All  measurements  made  at  100°  F.  Temperatures 
are  those  to  which  samples  hi.d  been  heated  previous  to  tests. \ 
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Fig.  20-24.  Normal  total  '  rrsiasiv  itv  and  total  solai  absorptivity  for  316 
stainless  steel.  (Note:  All  measurements  made  at  100° F.  Temwratures 
are  those  to  which  samples  had  been  heated  previous  to  tests.) 
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Fig.  20-26  Normal  total  emissiv'ty  for  18-8  ctainlesa  steel. 
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Fig.  20-27.  HemispherictJ  tc-al  emissivity,  normal  total  emiasivity, 
and  total  solar  absorptivity  for  tantalum. 
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Fig.  20-28.  Hemispherical  total  emissivity  of  tungsten. 
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Table  20.4.  Thermal  Radiation  Properties  of  Materials 


Mater  .1 

a. 

r.oerature 

(°R) 

tr\ 

rx 

o,Icth 

P.ef 

Aluminum 

Commercial  plate 

671 

.09 

23 

Commercial  plate,  polished 

671 

.05 

23 

Commercial  plate  dipped  in  HN03 
Commercial  plate  dipped  in  hot 

671 

.05 

23 

hydroxide 

2024  aluminum  alloy 

671 

.04 

23 

as  received 

0.27 

400 

Q.02 

13.5 

24 

500 

0.02 

13.5 

600 

0.02 

13.5 

2024  aluminum  alley  cleaned 

0.34 

400 

0.06 

5.6S6 

2-1 

530 

0.06 

5.666 

600 

0.07 

4.857 

2024  aluminum  alloy  mechan¬ 

ically  polished  and  degreased 

0.31 

400 

0.05 

6.20 

24 

500 

0.06 

6.20 

600 

0.06 

5.16 

2024  aluminum  alloy  sand 

blasted 

0.67 

400 

0.25 

2.68 

24 

500 

0.27 

2.48 

600 

0.30 

2.23 

6061  aluminum  alloy  as  received 

0.41 

400 

0.05 

8.2 

24 

5S0 

0,04 

10.25 

6061  aluminum  alloy  chemically 

cleaned 

0.16-0.44 

<00 

0.03-0.11 

24 

500 

0.03-0.12 

600 

0.04-0.12 

6061  aluminum  alio/  polished 

and  degreased 

,35 

400 

0.04 

8.75 

24 

500 

0.04 

8  75 

560 

0.05 

7.00 

6061  aluminum  alloy  120-size 

grit  blasted 

0.60 

400 

0.40 

1.5 

24 

500 

0.41 

1  46 

60) 

0.41 

1.46 

A;zak  on  aluminum  (ISO  uin. 

thick) 

0  15 

410 

0  79 

21 

530 

o :  • 

580 

0.75 

Aluminum  foil  Reynolds  wrap 
shiny  side  as  received 

0  19 

400 

0  03 

6.333 

24 

500 

0.04 

4.75 

Aluminum  foil  Fasuon  adhesive- 

backed 

0  i7 

400 

0.03 

5.66 

24 

500 

0  03 

5.66 

Mylar  metalized  with  vacuum- 
deposited  aiuminum 

0.20 

4>0 

0.05 

4.0 

24 

500 

0  05 

4.0 

Aluminum  vacuum  deposited  on 
magnesium  with  standard 
silicone  undercoat 

0  13 

400 

004 

3  25 

24 

600 

0.04 

3  25 

600 

0.04 

3.25 

6061  T-6  aluminum  hard  anodize 

1  mil  tnick 

0.923 

450 

0.841 

1  ' 

21 

410 

0.83r 

23 

460 

0.642 

560 

0.863 
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Table  20-4.  Thermal  Radiation  Properties  of  Materials  ( Continued ) 


Material 

Temperature 

a  tit  th 

Ref. 

a, 

(°R) 

tr\ 

tru 

Antimony 

Polished 

6"! 

0.02 

23 

Rolled  plate 

540 

0.06 

23 

Shim  stock  6  5/35 

531 

0.029 

23 

Oxidized 

900 

0.60 

23 

371 

0.60 

Beryllium 

QMV  Beryllium  alloy  £4  RMS 

finish 

0.70 

400 

0.16 

4.375 

24 

600 

0.17 

4.117 

Cadmium 

540 

0.02 

23 

Electroplate  (mossy) 

531 

0.03 

23 

Chromium 

540 

0.08 

23 

Chromium  plate  0. 1  mil  thick  on 

0.5  mil  nickel  plate  on  321 
stainless  steel  exposed  to  JP-4 
combustion  products  50  hours 
at  1,100°F 

0.778 

555 

0.15 

5.18 

21 

Cobalt 

531 

0.03 

23 

Columbium  (niobium' 

26 

Columbium  allay  (Cb-lOTi-lOMo) 

26 

Copper 

Black  oxidized 

54' 

0.78 

23 

Scraped 

',40 

0. 07 

22 

Commercial  polish 

640 

0.03 

23 

Electrolytic,  careful  polish 

635 

0.018 

23 

531 

0.015 

Chromic  acid  dip 

531 

0.917 

23 

Polished 

531 

0.019 

23 

Liquid  honed 

531 

0.088 

23 

Electrolytic  polish 

431 

0.G06 

23 

Mechanical  polish 

Pure  copper,  carefully  prepared 

531 

0.015 

23 

surface 

531 

0.908 

23 

Ebanol 


Ebanol  C  on  copper  treated  5 
min  at  I96°F  in  219°F  boiling 


point  solution 

Ebanol  S  on  steel  treated  15 

0.908 

555 

0.11 

8.25 

21 

min  in  a  286°F  boning  solution 

0.348 

555 

0.10 

3.49 

21 

| 

Glass  3  mils  thick  on  silicone 

i 

solar  cell 

0.925 

450 

0.843 

1.10 

21 

Gold 

0.000010-in.  leaf  (on  glass  or 

Lucite  plastic) 

531 

0.063 

23 

{ 

0.000040-ir.  fo’l  (on  glass  or 

1 

1 

i 

Lucite  plastic) 

0  0005-in.  foil  (on  giuss  or 

531 

0.023 

23 

I 

Lucite  plastic) 

0.0015-in.  foil  (on  glass  or 

531 

0.0  IS 

23 

i 

Lucite  plastic) 

Gold  plate  0.00005  in.  on  stain- 

531 

0.0! 

23 

1 

leas  steel  (1%  Ag  in  Au) 

53: 

t.027 

23 

< 

\ 

i 
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Table  20-4.  Thermal  Radiation  Properties  g?  Materials  (Continued) 


Material  a. 

Gold  ( Continued ) 

Gold  plate  0.0001  in.  on  stain¬ 
less  steel  (1%  Ag  in  Au) 

Gold  plate  0  0002  in  on  stain¬ 
less  steel  (1%  Ag  in  Au) 

Gold  plate  0.0002  in.  on  copper 
(1G  Ag  in  Au) 

Gold  vaporized  onto  2  side>  of 
0.0005-in.  Mylar  plastic 
Deep  electroplated  gold  on 
aluminum 


Gold  plate  on  7075  aluminum 

0.30 

Vacuum-deposited  gold  on  buffed 
titanium 

0.33 

Vacuurr.-deposited  gold  on  alumi¬ 
num  wiih  renin  undercoat 

0.24 

Graphite  (crushed  carbon  electrodes) 

16  mils  thick  on  sodium 
silicate  on  polished  aluminum 

0.96 

Inconel 

Inconel  foil  (0.005)  as  received 

0.55 

Inconel  X  (Fig.  20-20) 

Inconel  X  oxidized  4  hr  at 

1825° F  in  air  followed  oy  10  hr 
at  1300'*F  in  air 

0.898 

Iridium 

Iron 

Electrolytic 


Cast  iron,  polished 
Cast  iron,  oxidized 


Iron  ghee  ~usted  red 
Iron,  oxidized 

Iron,  nickel  alloys 
Tinned  iron  sheet 
Galvanized  iron 

Lead 

Unoxidized,  polished 
Gray  oxidized 
Oxidized  at  473“  K 
Red  lead 

Lead  fell  0.CO4  in. 

Magnesium 


Temperature 

(“R' 

«1V 

tTH 

a.iiTH 

Ref. 

531 

0.G27 

23 

531 

0.025 

23 

531 

0.C25 

23 

531 

0.02 

23 

410 

0.C2 

27 

460 

0.G2 

560 

0.02 

400 

0.03 

J0.U 

24 

50C 

0.03 

10  0 

400 

0.05 

66 

24 

500 

0.05 

8.6 

690 

0.05 

6.6 

400 

0.04 

6.0 

24 

500 

0.04 

6.0 

600 

0.04 

6.0 

450 

0.908 

1.06 

21 

26 

400 

0.1  l 

2.619 

24 

500 

0.21 

2.391 

26 

450 

0.7il 

1.26  21 

531 

0.04 

23 

26 

959 

007 

23 

671 

0.05 

531 

0.05 

560 

0.21 

23 

560 

0.63 

23 

959 

0.66 

23 

1460 

0.76 

53) 

0.69 

23 

2700 

o.te 

23 

671 

0.74 

9.6 

535 

0.064 

23 

657 

0.07 

23 

671 

0.05 

23 

531 

0.28 

23 

851 

0.63 

2.3 

671 

0.t>3 

23 

531 

0.036 

23 

53) 

0.07 

23 

959 

0.13 

1460 

0.1E 
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Tax 20-4.  Thermal  Radiation  Properties  of  Materials  ( Continued ) 


Material 

a. 

Temperature 

(R) 

*rv 

(TH 

a,  /fTH 

Ref 

Manganin,  bright  rolled 

704 

0.048 

23 

531 

0.076 

Molybdenum 

414) 

0.24 

23 

3240 

0  19 

26 

2341 

0.13 

671 

0.07 

531 

0  05 

Molybdenum  as  received  (Fig.  20-21' 

n.-is 

500 

0.12 

4.0 

24 

Monel 

K  Monel  5700  (Fig.  20-22) 

26 

Nickel 

26 

Polished 

711 

0.045 

23 

Bright  matte 

711 

0.041 

23 

N'ckel  foil  0.004  in. 

531 

0.022 

23 

Electrolytic 

1460 

0.10 

23 

959 

0.07 

560 

0.06 

531 

0.04 

Electroplated 
on  iron  an'1,  unpolished 

531 

0.11 

23 

on  iron  and  polished 

531 

0.045 

23 

on  copper 

Electroless  nickel  (Dow 

540 

0.03 

23 

Chemical  Co.) 

0.45 

400 

0.16 

2.815 

24 

500 

0.17 

2.647 

Cxi  ai  zed 

2700 

0.86 

23 

900 

0.37 

Nichrome 

"Driver  Hai-ris”  nichrome 

heater  stri  p 

40O 

0.1 1 

27 

500 

0.i2 

660 

0.13 

Paints 

Mixing  white  lacquer, 

4  coats,  2  coats  chromate 

primer,  thickr.eas  fotal  0.006  in. 

0.21 

400 

0.85 

0  247 

7,4 

(Ditzler) 

500 

0.85 

0.247 

600 

0.86 

0.244 

Sherwin-Williams  Kemacryl 

white  paint  No.  M49WC12,  4 
mils  over  one  wash  primer  coat 
on  alodined  2024-T6  aluminum 

410 

0.90 

27 

460 

0.9! 

560 

0.91 

Kemacryl  lacquer  white  No. 

M49WC17  4  wet  coats,  1  coat 
pretre.itment  primer  P40GC1 
(Sherwin-Williams)  0.26 

400 

0.73 

0.356 

24 

500 

0.75 

0.346 

600 

0.77 

0.337 

Zinc  sulfide  pigment,  acryloid 

A- 10  bindc*,  pigment  to  volume 
concentration  30%,  5.5  mils  over 
one  wash  primer  coat  on  alo¬ 
dined  2024-T6  aluminum 

110 

0.90 

27 

460 

0.90 

560 

0.90 

i 
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Table  20-4.  Thermal  Radiation  Properties  of  Materials  {Contin  ted) 


Materw  c. 

Temperature 

(°R> 

«l.v 

tTH  rtll‘TH 

Ref. 

Paints  ( Continued ) 

Lithofrax  72662,  10  mils  thick  on 

vapor  honed  titanium  substrate 

410 

0.92 

27 

460 

0.93 

560 

0.93 

Lithofrax  72662,  11  mils  on  vapor 

honed  2G14-T6  substrate 

•no 

0.92 

27 

460 

0.92 

560 

0.93 

White  paint,  sodium  silicate 

binder,  zinc  oxide-zinc  sulfide 
pigmented,  substrate  vapor 
honed  2024-T3 

410 

094 

27 

460 

0.94 

560 

0.95 

Zinc  oxide  pigment,  spectral  grade 

in  potassium  silicate  binder 
thickness  5  mi's,  substrate  vapor 
honed  606I-T4  aluminum  alloy 

410 

0.94 

27 

460 

0.95 

560 

0.95 

White  epoxy  resin  paint 

"Cat-a  lac"  Finch  Paint  and 

Chemical  Co.  No.  463-1-8  on 
aluminum  C.24S 

450 

0882  0.28 

21 

Skyspar  A-423  color  SA8818 
(white)  4  wet  coats  over  one 
coat  epoxy  primer  P-323 


(Andrew  Paint  Co.) 

0.22 

400 

0.82 

0.268 

24 

500 

083 

0.265 

600 

034 

0.261 

517-B-2  white  gloss 

silicone  (W.  P.  Fuller  Co 

3  wet  coats 

0.3C 

400 

0.82 

0.365 

24 

500 

0.81 

0.370 

600 

080 

0.375 

Zinc  sulfide  pigment  in  IX)  808 

silicone  vehicle,  5-1/2  mils 
thick  substrate  vapor  honed 
2014-T6  aluminum  alloy 

410 

0.99 

27 

460 

0.90 

560 

0.90 

Pemco  No.  R46H60  porcelain 

enamel  on  steel 

0.22 

400 

0.76 

0.289 

24 

500 

0.78 

0.282 

600 

0.79 

0.278 

Strong  black  lacquer, 

4  coats,  2  coats  zinc  chromate 
primer,  thickness  002  in. 

9.92 

100 

0.71 

1  296 

24 

(Ditzler) 

500 

0.74 

1.243 

600 

0.75 

1.227 

Kemacryl  lacquer  black  No. 

M49  Ci'2.  4  wet  coaLv,  1  coat  pre- 
treatment  P4GGC!  'Sherwin- 

Williams) 

0.94 

400 

0.81 

I.IGO 

24 

500 

083 

1  133 

600 

0  84 

1  119 

fflSS 
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Table  20-4.  Thermal  Radiation  Properties  or  Materials  (Continued) 


Material 

Paints  (Continued.) 

Black  epcxy  paint  1019 
2  wet  coats  over  1  coat  1012 
primer  on  alodinej  aluminum 
2014-T6  (Grumann) 


Flat  black  epoxy  resin  paint 
"Cat-a-lac”  Finch  Paint  and 
Chemical  Co.  No.  463-1-8  on 
aluminum 

Cat-a-lac  black  epoxy  paint 
2  coats  on  300  series  stain¬ 
less  steel 


B’  k  epoxy  paint  applied 
on  2014-T6  alodined  aluminum 
(Warnow) 

517-B-2  flat  black  silicone 
4  mils  wet  film  (Fuller) 


3M  velvet  black  paint  over  zinc 
chromate  primer  on  alodined 
aluminum  substrate 


Krylon  1602  black  paint  over 
aluminum 


Aluminum  leafing  pigment  in 
clear  epoxy  binder 


a. 


Temperature 

(°R> 


ffr\ 


*r.f  a./tTH  Fef 


0.951 


0.69 


410 

0.90 

27 

460 

0.90 

560 

0.91 

450 

0.888 

1.07 

21 

41j 

0.89 

27 

460 

0.89 

560 

0.90 

410 

0.91 

27 

460 

0.92 

560 

0.92 

400 

080 

1.  13 

24 

500 

081 

1  099 

600 

0.82 

1.C85 

410 

0.92 

27 

460 

0.92 

560 

0.93 

410 

0.86 

27 

460 

0.86 

560 

0  88 

Oz.  pigment/gal 


10 

560 

0  59 

27 

20 

560 

0.50 

40 

560 

0.34 

50 

560 

0.35 

80 

560 

0.45 

Palladium 

531 

0.03 

23 

Platinum 

2461 

0.18 

23 

1460 

0.10 

959 

0.06 

671 

0.05 

531 

0.03 

522 

0.016 

Quartz  (fused) 

531 

0.932 

23 

Rhodium,  plated  on  stainless  steel 

531 

0.06 

23 

Rokide,  flame-sprayed  alumina  on 
410  stainless  steel  heated  to 
1300*  F  in  air  in  60  sec  and 

held  30  sec  more  0.276  450  0.801  0.34  21 
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Table  20-4.  Thermal  Radiation  Properties  of  Mater  s  ( Continued ) 

•  .  Temperature  ,  _  , 

Material  a.  «™  *rw  a./tn,  Ref. 

(  ft; 

Silicon  Solar  Cell  (International 
Rectifier  Corp.),  approximately 
1  nun  thick  on  electroless  nickel 


plate  substrate,  boron-doped 


surface 

0.938 

555 

0.316 

2.97 

21 

Silver 

1460 

0,03 

23 

671 

0.025 

531 

0.022 

492 

0.02 

Solder,  50-60  on  Cu 

531 

0.032 

23 

Stainless  steel 

Polished 

671 

0.08 

23 

Type  301  (Fig.  20- 23) 

26 

Type  302 

760 

0.048 

23 

Type  302  mechanically  polished 

0.38 

400 

0.17 

2.24 

24 

590 

0.19 

2.0 

600 

0.20 

1.90 

Type  316  (Fig.  20-24) 

21 

'Type  347  (Fig.  20-25) 

21 

Type  410  heated  to  130C*F  in  air 

0.764 

555 

0.130 

5.88 

21 

Type  18-8  (Fig.  20-26) 

21 

Armoo  black  oxide  on  type  301 

0.891 

460 

0.746 

1.19 

t «. 

Rene  41  alloy  mechanically 

polished 

0.38 

40T 

0.17 

2.24 

24 

500 

0.19 

2.0 

600 

0.20 

=  90 

Tabor 

Taber  solar  collector  chemical 

treatment  of  galvanized  iron 

0  885 

555 

0.122 

7.25 

21 

Tabor  srlar  collector  chemical 

treatment  1 10-30  on  nickel 

plated  copper 

0.853 

555 

0.049 

17.4 

21 

Tantalum  (Fig.  20-27) 

26 

4140 

0.26 

23 

3240 

0.21 

531 

0.05 

Tellurium 

531 

0.22 

23 

Titanium 

Alloy  Ti-6AL-4VA 

26 

Alloy  Ti-6AL-4VA  as  received 

0.66 

400 

o.ie 

3.47 

24 

GOO 

0.20 

3.3 

600 

0.22 

3.0 

Titanium  vapor  coated  on  bright 

side  of  Reynolds  wrap  alumi¬ 

num  foil,  80  to  100  p  thick. 

heated  3  hr  at  750*?  in  air 

0746 

555 

0.138 

5.40 

21 

Titani'.'.m  C-110M  (AMS  4908) 

heated  300  hr  at  850°  F  in  Air 

0.768 

556 

0.198 

3.88 

21 

Titanium  C-1I0M  (AMS  4908) 

heated  100  hr  at  800*?  in  air 

0.524 

555 

0.162 

3.24 

21 

Titanium  75A  (AMS  4901)  heated 

300  hr  at  850"  F  in  air 

0.798 

555 

0.211 

3.78 

21 

Anodiied  titanium 

0.515 

450 

0.866 

0.59 

21 

Titanox-RA  2  mils  thick  on 

black  paint 

0.154 

450 

0  35 

0.17 

21 
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Tabls  20-4.  Thermal  Radiation  Properties  or  Mat* rials  ( Continued * 


Material 

Temperature 
a‘  i*R) 

a,lfTH  Ref. 

Tin 

1*1  indium 

531 

0.012 

23 

6%  indium 

531 

0.01? 

23 

Tin,  0.001  in.  foil 

531 

0.01?, 

23 

Tungsten  (Fig  20-28) 

26 

Filament 

4140 

0.28 

23 

3240 

0.23 

2340 

0.15 

1440 

0.088 

900 

0.053 

540 

0.032 

Zinc 

531 

0.05 

23 

20.7.  Spacecraft  Thermal  Balance 

20.7.1.  Deep  Space  Probes.  Spacecraft  traveling  between  planets  are  therm  illy 
influenced  by  the  solar  heat  flux.  In  Fig.  20-29(a)  the  solar  heat  flux  associated  with 
planet  distance  from  the  sun  is  plotted  as  the  ordinate  [13].  The  surface  temperatures 
of  an  insulated  flat  plate  normal  to  the  sun  are  plotted  as  functions  of  its  coating  aje,h 
and  its  coordinate  within  the  solar  system. 


1  1.0  to 

ratio  3C>lar  absorptance  to  emittance 


Fig.  20- 29a  Solar  heat  flux  u  a  function  of  distance  and  a/*. 
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The  heat  flux  (power)  to  any  surface  incremental  area  at  an  arbitrary  position  in 
spece  is  competed  by  multiplying  the  solar  power  at  the  particular  probe  distance  from 
the  sun  by  the  cosine  between  the  surface  normal  and  the  sun  line  For  an  average 
value  over  the  spacecraft  surface,  this  is  the  projected  surface  area  to  the  sun. 

Thus  if  the  solar  constant  is  written  S,  then  the  solar  irradiance  is 

H.  =  S  co  0  .  20-8) 

Ha bMorhrd  =  HgOt,  (20-9) 

F  rfectly  insulated  unit  area  surface,  the  temperature,  rgfc,  is: 


T’gfe  — 


1/4 


The  temperature  of  space  (=  4°R)  is  assumed  negligible  for  ordinary  spacecraft  surface 
temperatures. 

20.7.2.  Satellites.  A  satellite,  i.e.,  a  spacecraft  orbiting  a  planet,  is  irradiated  from 
three  external  sources: 

(1)  The  sun  (solar  radiation) 

(2)  Reflected  sunlight  off  the  planet  (albedo  radiation) 

(3)  The  planet  surface  acting  as  a  blackbody  (planet  radiation) 


Fig.  20-296.  Percentage  of  time  in  sun  vs.  altitude  with  orbit 
inclination  /J  a*  parameter  for  vehicle  in  circular  orbit 
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20.7.2.1.  Incident  Solar  Radiation.  The  solar  radiation  power  in  a  planet’s  orbit 
is  obtained  from  Table  20-3. 

In  orbit,  a  satellite  ir.  the  shadow  of  a  planet  is  occulted  from  the  sun.  This  shad¬ 
owing,  and  time  in  the  sunlight,  varies  according  to  the  angle  /3  between  the  satellite’s 
orbital  plane  and  the  sun-planet  plane  (the  ecliptic,  when  considering  the  earth;  see 
Fig.  20-296).  The  angle  (3  is  determined  by  the  incident  launch  angle  i.  The  orbit  of 
an  earth  satellite  p-ecesses;  i.e.,  the  normal  to  the  orbital  plane  wUl  generate  a  cone 
about  the  earth’s  axis  at  a  constant  half-angle  of  i.  A  500-mi  r'~_uiar  orbit  at  i  =  32° 
precessjs  approximately  6°  per  day.  Because  of  the  precession  of  the  orbit  and  the 
rotation  of  the  earth  about  the  sun,  the  angle  /3  varies  continuously  from  a  maximum 
(equatorial  inclination  +  i)  to  e.  minimum  ^equatorial  inclination  —  i).  The  maximum 
and  minimum  average  solar  heat  load  over  the  orbit  are  determined,  respectively, 
when  /3  is  a  maximum  and  when  /3  =  0°. 

Consequently,  the  orbital  average  solar  heat  flux  incident  at  a  point  on  a  spatially 
oriented  satellite’s  surface  is 

H.  —  S  cos  6  x  (%  time  in  sun)  (20-10) 

where  0  is  the  angle  between  the  surface  normal  and  the  sun-line. 

20.7.2.2.  Inciden .*  Albedo  Radiation.  The  parameters  in  the  orbit  geometry  (Fig. 
20-30)  used  in  defining  the  incident  albedo  flux  are: 

6,  =  angle  between  the  planet-sun  line  and  the  planet  radir  ^  vector  to  the  satellite 

y  ~  angle  between  the  satellite  surface  normal  and  the  planet  radius  vector  to  the 
satellite  surface 

v  —  orbit  angle  abo  t  the  planet 

<t>r  —  one  of  the  attitude  parameters,  the  angle  of  rotation  about  the  planet  radius 
vector  to  the  surface  normal 

=  0  when  the  normal  lies  in  the  plane  containing  the  planet-surface  vector  a/  d 
the  planet-sun  vector 

<j>c,  0„  and  y  may  vary  as  the  satellite  traverses  its  orbit;  therefore,  to  obtain  average 
albedo  heat  fluxes,  computations  of  geometric  factors  must  be  t  'ade  at  each  orbit  angle  v 
and  integrated  over  the  orbit. 

Figures  20-31  through  20-41  are  used  to  determine  the  geometric  factor  Fc  for  albedo 
radiation  incident  to  a  sphere,  cylinder,  and  flat  plate  f!3|. 


1 


Fig.  20-30.  Sun-vehicle  geometry. 
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Fig.  20-31.  Geometric  factor  for  planetary  albedo  radiation 
incident  to  a  sphere,  versus  n'titude,  with  angle  of  sun  a?  a 
parameter. 


ALTITUDE  (Planet  Kadli  |) 


Fig.  20-32.  Geometric  factor  for  albedo  to  hemisphere,  versus 
altitude,  with  angle  of  sun  as  parameter  (y  =  0",  -  0®). 
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ALTITUDE  (plan.*  Radii  || 


Flo.  20-33.  Geometric  factor  l'cr  albedo  to  hemisphere,  versus 
altitude,  with  angle  of  sun  as  parameter  <y  =  90°,  <£<■  =  0°). 


10' 2  10'1  1  10 


ALTITUDE  (planet  Radii  |) 

Fig.  20-34.  Creoi  metric  factor  al*>edo  to  cylinder,  versus  altitude, 
with  an^lt  of  sun  as  parameter  {y  *=  0®.  =  0°). 
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Fig.  20-39.  Geometric  factor  for  planetary  thernai  radiation 
incident  to  hemisphere,  versus  altitude,  with  attit  ude  angle  aa 
parameter 


Fig.  20-40.  Geometric  factor  for  planetary  thermal  radiation  to 
cylinder,  versus  altitude,  with  attitude  angle  aa  parameter. 
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Fig.  20-41.  Geometric  factor  for  planetary  >ermal  radiation 
incident  to  flat  plate,  verms  altitude,  with  altitude  angle  as 
parameter. 


From  these,  the  instantaneous  albedo  heat  flux  density  indicated  by  the  prime 
is  obtained: 


=  SaF„ 


where  a  is  the  albedo  factor  (from  Table  20-3). 
Average  heat  fluxes  per  orbit  are  obtained  from 


7f„  «  So  2  Fa 

n=  I 

% 

where  v„  =  O',  10°,  20°,. ..350° 
n—  1,2,  3,...k 

To  obtain  the  total  power  incident,  P  =  HA,  one  can  project  the  surface  area  for 
A  in  Fig.  20-42  through  20-45.  For  the  flat-plate  heat  fluxes,  the  cosine  relation  is 
incorporated  in  the  curves,  so  that  the  full  flat-plate  area  can  be  used. 

20.7.2.3.  Incident  Planetary  Radiation.  Similar  geometric  factors  [13j  are  given 
below  for  planetary  radiation  to  a  sphere,  cylinder,  and  flit  plate  using  the  geometry 
outlined  above  The  angle  y  varies  v,:  .  orbit  angle,  and  for  average  orbital  planet 
flux  the  geometric  factor  must  be  a  -lege J  over  the  orbit. 


H  =  Hp  =  T j 


n*  k 

'I** 


.  *r.  y  f:-± 

n 

H  1 


Generally  the  plane  t  emissivity  «p  is  assumed  to  be  1.  Fp  is  obtained  from  Table  20-3, 
and  € pfjTp 4  oecomes  the  planet  imittance  Wp.  The  instantaneous  planet  heat  flux  is: 

H'p  -  V/rf\ 
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TEMPERATURE  (°R) 

Fig.  20-42.  Space  radiation  to  an  insulated 
thin  plate,  200°-900°R. 


-1G.  20-43.  Space  radiation  to  an  insulated 
thin  plate,  800°-1500°R. 


PLATE  ORIENTATION  ANGLE,  y  (derj 

Fig.  20-44.  Geometric  factor  for  earth  radiation  to  a  flat  plate, 
versus  plate  orientation  and  distance  above  earth  surface. 
y  is  the  plate  orientation  angle,  the  vrue  an^le  between  the 
plate  normal  and  the  earth-plate  lint,  h  =  plate  distance 
above  the  earth’s  surface,  i.:  ''*.c*ical  miles.  - -  geometric 

factor  for  diffuse  radiation  from  the  earu\  L.  *1:'.  I”.  • 

flat  plate  irradiance  is  given  by:  Hp  =  FKWP  Btu  (hr  ft1}  *.  For 
an  average  yearly  alb&kt  of  36%,  Hp  =  70.9  Btu  (hr  ft1)  ’. 
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Fig.  20-45.  Geometric  factors  for  earth  albedo  to  a  flnt  plate,  versus  plate  orientation  and 
distance  above  earth’s  surface.  F„r-o  is  the  geometric  factor  from  the  earth  to  a  plate 
parallel  to  the  earth  surface.  F„ylFa>-«  is  the  plate  orientation  correction  factor  aa  a  function 
of  altitude,  y  is  the  true  angle  between  plate  normal  and  earth-plate  line.  0,  is  the  true 
angle  between  earth-plate  and  earth-sun  lines,  h  is  the  plate  distance  above  earth’s  surface, 
in  nautical  miles.  The  flat  plate  irradiance  is  given  by:  H  =  Fy.0  iFylFy„n)H„.  For  the 
acerage  yearly  earth  albedo  of  36%,  Ha  —  159.3  Btu  (hr  ft2)  . 


20.7. *1.4.  Total  Incident  Space  Radiation.  If  one  sums  the  heat  fluxes  of  pjlar, 
albedo,  and  planet  radiation,  the  instantaneous  heat  flux  to  a  satellite’s  surface  at  a 
point  is  calculated  from: 

11'  =  S  cos  #  +  aSFu  +  WpFi k 

as  a  function  of  4>r,  6 ,  0„  and  y. 

The  orbital  average  heat  flux  to  a  surface  is  calculated  from: 

n*k  n*k 

H  =  S  cos  e  +  aS  V  Fa +Wr  V  ^H,  +  H„  + He 

n  ZZ  n 

*  =  1  *  =  * 

Once  the  irradiances  from  space  are  kiKisvn,  along  with  the  orresponding  spacecraft 
surface  thermal  properties  of  a„  a0,  and  e,fc,  the  surface  temperature  (Tsfc)  of  a  perfectly 
insulated  material  may  be  computed  from: 

f afctr^si'c<  =  HgCti  HaCCa  t  HpQp 

Generally,  the  absorption  of  the  materials  for  albedo  radiation  is  the  same  as  the 
absorption  for  the  solar  spectrum,  and  for  the  case  where  the  planet  temperature  and 
skir  temperature  are  similar,  the  surface  gbsorption  for  planet  radiation  (a,)  is  the  same 
as  tie  surface  emissivity;  i.e.,  ap  =  f *fc .  The  above  equation  then  becomes 

<rT,fc4  -  (H.  +  Ha)  S  H  Hf 

20, 7  3.  Thermal  Design.  In  general,  the  thermal  coating  is  the  best  possible  for 
the  ma  ntenance  of  life,  electronic  equipment,  and  structural  in  -sgrity  within  specified 
tempers ture  requirements. 
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Refer  to  Chapters  8  anil  12  for  the  conditions  under  which  materials  and  detectors 
operate.  Other  components  have  the  following  temperature  ranges: 


Component 

Batteries 

Computers 

Electronics 

Gyros 

Control  gas  storage 


Temperature 

(°F) 

40-100 

25-100 

0-130 

60-160 

0-130 


To  satisfy  these  requirements,  the  pacccraft  thermal  coupling  to  space  muat  be 
designed  to  carry  the  internal  power  load  and  yet  satisfy  the  ’imitauons  of  temperature. 

20.7.3.1.  Passive  Control.  These  conditions  can  be  satisfied  by  a  passive  system  if 
the  orientations  and  equipment  power  dissipations  are  known  so  that  an  a,/e,>,  can  he 
chosen  for  operation  within  the  temperature  requirements 
Figure  20-46  has  been  dra  vn  to  show  the  variation  in  equipment  temperature  as  a 
function  of  its  power  dissipat  .on  and  of  thermal  coating  a,  and  c,*,.  The  figure  incor¬ 
porates  solar,  earth  albedo,  and  earth  radiation  to  a  flat  plate  for  a  500-mi  circular 


Fig.  20-46.  Temperature  of  equipment  heat  sink  versus  equ'pruent  power  dissipation  P  as  a  func¬ 
tion  of  heat-sink  thermal  coating  or,/ c,*  for  a  flat  plate.  The  four  right-hand  curves  are  for  heat 
sink  normal  to  sun,  65%  tirr.s  in  sun,  H,  =  266,  H .  =  1.3,  Hf  —  21.3  Btu  (hr  ft')  1  The  left-hand 
curves  ere  for  equipment  heat  sink  parallel  to  the  plane  cf  the  ecliptic  with  the  plats  facing  north, 
H,  =  0,  H„  =  10.53,  Hp  =  15.39  Btu  (hr  ft*)  *.  500-mile  earth  o-bit  (circular)  in  piane  of  ecliptic. 
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earth  orbit.  Five  sides  of  the  equipment  box  are  assumed  to  be  insulated;  the  front 
surface  (heat  sink),  which  faces  the  space  environment,  is  not.  The  maximum  en¬ 
vironmental  heat  input  assumes  a  heat  sink  normal  to  the  sun,  and  th^  minimum  heat 
input  assumes  the  surface  parallel  to  the  sun’s  rays. 

If  one  knows  the  power  dissipation  per  square  foot  of  heat-sink  torea,  the  thermal- 
coating  propertie-  of  a,  and  e,*  can  be  selected,  so  that  temperature  requirements  are 
not  exceeded,  with  the  unit  in  or  out  of  the  sunshine. 

The  heat  balance  is  calculated  from  the  following  equation,  where  the  subscript  "eq” 
means  "an  equipment  parametei 

(H,  +  //.,)  ^  +  //„  +  ^  =  &T* 

20.7.3.2.  Active  Control.  When  conditions  cause  the  temn  rature  to  fall  outside 
the  required  range,  an  active  system  may  be  employed. 

Mechanical  means,  such  as  pinwheels  or  Iouvtos  may  be  used  to  vary  the  a,/e<t,  of  the 
heat  sink.  Other  methods  such  as  electrical-thermostat  heat  contmls  or  variable  con¬ 
ductance  systems  alter  the  internal  heat  flew  to  the  heal-sink  surface  and  in  like  manner 
create  a  stabilizing  effect  on  component  temperatures. 

20.8.  Testing 

Testing  of  spacecraft  can  involve  either  cold-wall  vacuum  operation,  cold-wall  vacuum 
plus  solar  simulation,  or  cold-wall  vacuum  plus  solar  simulation  and  simulation  of 
albedo  and  earth  ladiation. 

A  typical  test  facility  designed  to  simulate  true  space  conditions  of  solar,  albedo,  and 
earth  radiation,  plus  vacuum  and  cold  space  is  in  use  by  the  National  Aeronautical 
Space  Administration  at  Langley  Field,  Virginia  [28]. 
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21.  Aerodynamic  Influences  on  Infrared 
System  Design 


21.1.  introduction 

This  chapter  discusses  the  following  major  problems  encountered  by  supersonic 
missiles  an.-i  airmail:  fi-st,  the  influent  .  of  high-speed  flight  on  the  window  covering 
the  infrared  equipment;  second,  the  optical  influence  exerted  by  the  aerodynamic  flow 
field  aijv  nd  the  vehicle;  and  third,  the  background  radiation  produced  by  the  heated 
air  surrounding  the  vehicle. 

The  discus;  ons  in  Sec.  21.2  and  21.3  are  restricted  to  supersonic  flight  over  the  Mach 
number  range  of  about  1.5  to  7.0.  At  speeds  below  this,  the  problems  considered  here 
do  not  exist  and  system  design  requires  only  minor  structural  differences  from  those 
in  surface-based  equipment.  At  speeds  above  Mach  7  in  atmospheric  flight  the  assump¬ 
tion  of  perfect  gas  flow  begins  to  'eak  down  and  the  che.nistry  of  the  air  must  be 
considered.  The  nature  of  the  aeroc,namic  effects  on  infrared  systems  is  the  same  a„ 
these  higher  sp:  eds,  but  the  details  of  predicting  these  effects  are  much  more  complex 
and  beyond  the  scope  of  this  discussion.  In  this  chapter  the  ratio  of  specific  heats  for 
air  is  taken  aj  1.4  and  the  numerics!  coefij  dents  are  evaluated  accor  dingly.  In  Sec. 
21.4  the  chemistry  of  the  air  is  a  factor  and  tne  limitation  to  Mach  lumbers  below  7 
no  longer  exists. 

21.2.  Infrared  W'ndowa 

Infrared  window  r,  are  basically  protective  coverings  over  the  cavities  or  bays  tuat 
house  infrared  or  optical  equipment.  Generally,  they  are  not  an  integral  oart  of  the 
functional  scheme  of  the  equipment  and  any  change  they  make  in  radiation  falling  on 
the  syetem  produces  a  degradation  of  system  performance.  Catisfactory  windows  for 
ground-based  equipment  or  low-ppeed  aerial  equipment  can  generally  be  designed  by 
careful  selection  of  a  window  material  from  those  of  Chapte'  8  and  then  applying  com¬ 
mon  optical  and  structural  design  techniques. 

21.2.1.  Window  Requirements.  The  primary  purpose  of  the  window,  whether  it 
be  a  missile  nose  dome  or  a  flat  reconnaissance  window  well  back  along  t1  a  aircraft 
fuselage,  is  to  protect  infrared  equipment  from  the  aerodynamic  loads  and  severe 
heating  rates  encountered  in  supersonic  flight.  While  performing  this  basic  function, 
the  window  must  meet  the  following  additional  requirements: 

1.  The  window  must  introduce  negligible  distortion  in  the  mage  formed  by  th? 
optical  system.  This  consideration  nearly  always  resu!  -a  in  a  window  which 
is  a  portion  of  a  sphere  or  is  made  with  one  or  more  flat  surfaces.  Other  s;  apes 
(cones,  ogives,  etc.)  give  large  refraction  errors  and  resolution  losses  unless  the 
window  is  mf.de  very  thin  (3ee  Chapter  8)  However,  windows  that  are  too  thin 
ca..  ot  carr^  the  necessary  structural  loads. 

2.  The  window  must  transmit  radiation  in  the  appropriate  wavelengths  without 
grogs  attenuation.  The  usual  window  material  selection  is  complicated  in  this 
case  by  the  fact  that  many  materials  lc*»r  transparency  as  their  temperature 
increases,  particularly  near  the  lonf-wavelength  cutoff  (see  Chapter  8). 


:j26 


INFRARED  WINDOWS 


327 


3.  The  window  must  radiate  a  negligible  amount  of  energy  in  the  wavelength  regicn 
of  system  operation.  Even  though  the  window  emissiv  iy  is  low  in  these  wave- 
ler  <ths  (by  virtue  of  requirement  2)  the  window  pro/  mity  to  the  sensing  system 
and  the  high  window  temperatures  achievable  in  supersonic  flight  make  this  a 
prime  consideration.  Window  radiation  can  saturate  the  detector,  and  non- 
uniform  radiation  from  the  window  can  produce  false  signals  which  will  mislead  a 
tracking  system,  or  produ  '  ghosts  in  a  reconnaissance  system. 

4.  The  window  must  not  impose  an  unreasonable  drag  penalty  on  the  vehicle. 

5.  'Ihe  window  must  withstand  the  mechanical  a  ;d  thermal  loads  induced  by  high¬ 
speed  flight. 

Other  factors  such  as  ease  of  fabrication,  light  weight,  ground  handling  luads  mu 
also  be  considered.  Most  of  these  requirements  depend  in  whole  or  in  part  on  t 
aerodynamic  he  iting  experienced  in  supersonic  flight. 

21.2.2  Window  Heating 

21.2.2.1.  Aerodynanv  Heat  Transfer.  The  rate  oi  t  erodynamic  heat  transfer  per 
unit  area,  q,  of  the  wall  (window)  w  can  be  written 

q  -  A(7V  -  Tw)  (21-1) 


where  A  =  heat-transfer  coefficient 
Tw  —  w  ill  temperature 
Tr  =  recovery  temperature 

The  heat-transfer  coefficient  is  a  function  of  the  wali  geometry,  the  flight  conditions, 
and  to  some  extent  the  wall  temperature.  The  recovery  temperature  is  equal  to  the 
temperature  of  the  wall  when  there  is  no  t  crodynamic  heat  transfer.  Thir  temperature 
is  usually  defined  by  means  of  a  recovery  factor  r: 


1  =r(l  +  0.2rAf‘) 

If  the  wall  (window)  is  assumed  to  be  thermodynamically  thin,  i.e., 

bji 

—  <  <  1 


(21-2) 


and  the  radiation  ami  conduction  losaes  are  negligible,  the  aerodynamic  best-transfer 
rate  can  be  equated  to  the  rate  of  enthalpy  increase  within  the  wall,  or 


h(Tr-Tw)  = 


dT* 

dt 


In  the  last  two  expressions,  b  =  window  thickness,  k  —  thermal  conductivity,  p  —  density, 
and  t  =  ti  ne. 

If  there  is  a  step  change  in  the  aerodynamic  conditions,  eg.,  veloc.-.y  (thus  a  3tep 
change  in  h  and  Tr),  the  solution  is 


Tr~T 

Tr-T, 


(21-3) 


where  7)  =  initial  temperature  at  i  ~  0 
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At  the  higher  Mach  numbers  (higher  window  temperatures)  the  radiation  heat  trans¬ 
fer  plays  a  significant  part.  If  this  is  to  be  considered,  the  heat-balance  equation 
becomes 

fc(Tr-7\,)«AArC.  (21-4) 

where  the  equivalent  total  wall  emissivity  e,  is  a  strong  function  of  temperature  because 
of  its  lar^J  spectral  variation  and  a  —  Stefan-Boltzmunn  constant.  Equation  (21-4) 
can  be  integrated  step  by  step  to  yield  a  more  accurate  temperature  history  .  The  true 
equilibrium  temperature  (dT/dt  —  0)  can  also  be  found  from  Eq.  (21-4). 

In  a  rarye  of  aerodynamic  variables,  it  is  more  convenient  to  normalize  the  heat- 
transfer  coefficient  with  respect  to  the  local  free-stream  properties.  The  normalized 
heat-transfer  coefficient  it  the  Stanton  number  (St), 

St  =  — —  (21-5) 

PrtlrCp 


,**here  u  *=  velocity  and  e  flow  properties  of  external  edge  of  boundary  layer. 

For  a  more  rigorous  treatment  of  aerodynamic  lieat  transfer,  see  [  1]  and  [2].  Details 
of  the  temperature  distribution  within  windows,  given  the  aerodynamically  imposed 
boundary  conditions,  can  be  developed  by  methods  described  in  [3]  eno  [4]. 

2L2.2.Z.  Heat  Transfer  to  Flat  Plate.  The  boundary-layer  flew  over  a  flat  surface 
can  be  either  laminar  or  turbulent  In  most  flight  situations  where  the  flat  window  is 
more  than  a  foot  ir  so  'rom  the  nose  or  leading  edge  of  the  i  ehicJe,  the  flow  is  turbulent. 
Transition  from  laminar  to  turbulent  flow  takes  place  at  Reynolds  numbers  Re  of  ap¬ 
proximately  10*  to  5  x  10*,  the  lower  value  being  more  likely  in  an  actual  flight  vehicle 
with  the  usual  surface  roughness. 

In  the  laminar  case,  the  results  of  Van  Driest  [5]  can  be  used  directly.  These  exten¬ 
sive  heat-transfer  calculation?  are  summarized  in  Fig.  21-1  as  curves  of  St  V/?-  ’  emus 
Mach  number  for  varie;.  *  ratios  of  all  to  free-stream  temperature. 


VT: 
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MACK  NUMBER,  M 

to 

Fig.  21-1.  Local  heat-transfer  coefficient  for 
laminar  boundary  layer  of  a  compressible  fluid 
flowing  along  a  flat  plate.  Tm  =  400*R  [5], 
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Exoerimenti  lly,  the  recovery  factor,  r,  is  b.v;n  for  laminar  flow  as  vTv,  or  about 
0.848  as  an  average  over  normal  flight  conditions  (Pr  -  I*randtl  nur  her). 

in  the  turbulent  case,  use  is  made  of  the  Reynolds  analogy,  which  relates  the  Stanton 
number  to  the  local  skin  friction  cocliicient  c;  through  the  equation 


St 


(21-6) 


Here  1/s  is  a  measure  of  the  accuracy  of  the  analogy.  For  current  purposes  assume 
5  =  1  although  in  some  cases  r.  can  be  as  low  as  O.b.  Extensive  measurements  of  skin 
friction  have  been  made,  and  a  semi-empirical  relation  which  holds  generally  for  in¬ 
compressible  turbulent  flow  has  been  found  [6]  which  adequately  predicts  the  local  cf : 

c/f  =  0.370/Uogui  Ke,)1™  (21-7) 

where  i  —  incompressible  and  t  —  some  arbitrary  distance. 

F!ow  compressibility  has  a  marked  influence  on  the  friction  coefficient.  To  account 
for  this,  the  ratio  of  compressible  to  incompressible  friction  coefficient  for  air  is  [1,6] 

r  /  T  \  -|  0.648 

^  =  |0.5  (l  4  yj  +  0.0394 Af-J  (21-8) 


In  the  special  case  where  the  wall  temperature  is  equal  to  the  recovery  temperature 
(insulated  wall  case) 


^  =  [l  +  0  129A/*] 


-o.«« 


(21-9) 


The  turbulent  recovery  factor,  r,  is  approximately  (Pr)  or  about  0.896. 

The  insulated  wall  case  serves  as  a  handy  reference  for  heat-transfer  calculations. 
At  T *  =  T.  there  is,  of  course,  no  h'  *  transfer,  however,  the  Stanton  number  for  the 
insulated  case  can  be  computed  for  these  conditions.  This  corresponds  rigorously  to 


(PrUrCp) 


l 


at  Tx  =  T,  and  can  be  used  to  determine.  *he  heat-transfer  coefficients  at  wall  tempera¬ 
tures  in  th  j  vicinity  of  77.  Fig  ire  21-2  'shows  the  variation  of  both  laminar  and  turbu¬ 
lent  Stanton  numbers  as  a  function  of  Mach  and  Reynolds  numbers. 

21.2.2.3.  Heat  Transfer  to  a  Hemisphere.  The  aerodynamic  flow  to  a  hemispherical 
nose  at  t!  e  stagnat  •'n  point  (i.e.,  the  foremost  point  on  the  hemisphere,  regard'es-  of 
angle  of  attack),  is  laminar.  As  the  air  accelerates  in  passing  from  the  stagnation 
point  m  the  base  of  the  hemisphere,  it  can  go  through  transition  and  the  boundary 
layer  generally  becomes  turbulent.  This  happens  at  Reynolds  numbers  around  4  1 

For  the  laminar  case,  Sibulkin  [7]  has  shown  that  locally  the  Stanton  number  on  a 
hemisphere  stagnation  point  can  be  written 


Si  =  0.763 


(PD\m  (pur.D\w 

no  vO  rso 


(21-10) 
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Fig.  21-2.  Stanton  number  as  a  function  of  Reynolds  number  for  an  insulated  plaie. 


where  D  =  diameter,  /3  =  velocity  giadient,  p.  =  viscosity,  and  all  of  the  fluid  properties 
are  evaluated  at  Cr.e  local  conditions  just  outside  the  boundary  layer.  In  the  case  of  a 
stagnation  point  ' s.p .)  this  corresponds  to  stagnation  temperature  and  pitot  pressure. 
This  reduces  Eq.  121-10)  into  terms  of  free-stream  flow: 


St  = 


(21-11) 


where  (^up!k),.p.  =  stagnation  Prandtl  number  (approximately  0.72  for  normal  flight 
conditions) 

pJID/fix  —  free-stream  Reynolds  number  based  o;i  hemisphere  diameter 


From  [I], 


P 


Ij-'J8 


Pot 


f.f  it  is  assumed  that  p.  ~  V*1*  and  the  perfect  gas  equations  of[8J  are  used,  Eq.  (21-11) 
then  i educes  to  the  general  laminar  Stanton  number  equation 


(21-12) 


This  gives  the  heat-transfer  rate  at  the  stagnation  point  where  the  recovery  factor, 
equals  1.  The  laminar  heat-transfer  rate  decreases  away  from  the  stagnation  point. 
Reference  [9J  gives  methods  for  determining  the  laminar  heat-transfer  distribution 
over  me  surface  of  the.  hemisphere. 
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When  the  boundary  layer  is  turbulent,  the  Stanton  number  has  a  maximum  at  about 
40°  from  the  stagr  ation  point,  then  decreases  further  aft.  To  compute  the  local  turbu¬ 
lent  heat-transfer  rate  on  the  face  of  the  hemisphere  the  "local  flat  plate”  method  can 
be  used  with  good  accuracy. 

This  approach  calls  for  utilization  of  ^)q.  (21-6),  (21-7),  and  (21-8)  to  determine  the 
local  Stanton  number.  All  of  the  flow  properties  are  evaluated  at  "local”  conditions, 
that  is,  at  the  pressui  e:  velont  j  and  tempe-ature  just  outside  the  boundary  layer  at  any 
anguiar  station  0.  The  Mach  number  distribution  iver  the  face  of  a  hemisphere  is 
insensitive  to  free-stream  Mach  number  (Fig.  21-3).  The  local  pi  assure  is  given  by  [8] . 


P  OJ 


+ 


Mpym 
5  7 


(21-13) 


where 


P  0-1  __ 

/6 

/  6  Ns/l 

1 

1  x 

I  a. 

V  5  / 

WmJ-  i/ 

i 

£ 

The  local  static  temperature 


since  the  stagnation  temperature  is  unchanged  by  a  ahcck  wave. 
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F?g.  21*4.  Variation  with  6  of  the  ratio  of  local  heat-transfer 
coefficient  to  the  value  at  the  stagn  ation  point  at  M,  =  2.0  and 
several  free-stream  Reynolds  number.,  .101. 


A  typical  case  is  shown  in  Fig.  21-4,  where  both  theoretical  and  experimental  heat- 
transfer  distributions  are  shown  [10]. 

21.2.3.  Typical  Results.  The  following  subsections  apply  some  of  the  basic  equa¬ 
tions  previously  discussed  to  typical  flight  situations  to  determine  what  sorts  of  temper¬ 
atures  and  heating  rates  can  be  expected. 

21.2  3.1.  Maximum  or  Recovery  Temperature.  If  there  are  no  conduction  losses  and 
the  window  emissivnty  is  zero,  the  recovery  temperature  can  be  determined  directly 
from  Eq.  (21-2)  by  supplying  the  appropriate  recovery  factor,  0.848,  for  laminar  flow 
and  0.896  for  turbulent  flow.  However,  if  the  radiation  heat  transfer  cannot  be  ne¬ 
glected,  Eq.  (21-4)  must  be  solved,  with  dT tr/dt  =  0  at  equilibrium. 

The  actual  total  emissivity  of  the  window  depends  strongly  on  the  particular  materia, 
selected,  and  on  the  instantaneous  temperature.  However,  here  will  be  o  rdered 
constant.  A  total  emiseivity  of  0.25,  over  all  wavelengths,  is  characteristic  of  son  a 
materials  over  a  large  temperature  range.  Figure  21-5  shows  the  maximum  oi  equilib¬ 
rium  temperatures  at  three  altitudes  and  at  Mach  numbers  up  to  7  for  the  flat  plate,  ar  1 
for  a  hemispherical  window  6  in.  in  diameter. 

21.2.3.2.  Rate  of  Temperature  Increoie.  To  give  an  indication  of  the  relative  rate  of 
temperatun  increase,  Eq.  (21-3)  is  usee  The  equation  for  a  time  constant,  r,  is 


and  gives  the  time  to  reach 
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Fig.  31-5.  Maximum  temperature  due  to  aerodyr  .mic  heating, 
turbui^nt  flat  plate,  x  -  1  ft. 


Fig.  21-6.  Time  constant  for  aerodynamic  heating. 


in  the  absence  of  radiation.  In  Fig.  21-6  the  generalized  time  constant  is  given  fer  the 
conditions  of  Fig.  21-5,  and  a  typical  material,  MgFj,  0.07  inch  thick,  is  used  to  get  a 
specific  time  constant. 

21.2.4.  Window  Transmission  and  Radiation  at  Elevated  Temperature*.  Aero¬ 
dynamic  heating  can  produce  changes  in  the  infrared  characteristics  of  window  mate¬ 
rials.  A  major  problem  at  elevated  temperatures  is  a  loss  in  transparency,  particularly 
at  t’r- 1  longer  wavelengths.  Transmission  characteristics  of  materials  at  high  tempera¬ 
tures  :.re  covered  in  Chapter  8.  Any  body,  semi-traiuparent  or  opaque,  will  radiate 
thermal  energy  in  ever-increasing  amounts  as  the  temperature  rises.  Two  different 
ty*.  es  of  effects  are  orcduced  by  a  radiating  window: 
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(1)  Because  of  strong  temperature  gradients,  or  local  "hot  spots,”  false  targets  can 
appear. 

(2)  A  large  irradiance  on  the  infrared  detecto-,  even  though  uniformly  distributed, 
can  saturate  the  detector  and  decrease  its  sensitivity. 

The  susceptibility  of  a  particular  guidance  system  to  false  targets  associated  with 
nonuniform  temperature  distnbutions  is  greatly  dependent  on  the  details  of  the  dis¬ 
crimination  at  d  tracking  methods  employed.  A  window  which  is  nearly  hemispherical 
does  not  generally  have  large  temperature  gradients  along  its  surface,  even  though 
'he  temperature  level  can  be  quite  high.  A  pointed  window,  such  as  a  cone,  can  have 
very  high  temperature  gradients  along  its  surface,  particularly  when  used  at  high 
speeds  and  moderate  altitudes.  Any  small  protuberances  optically  dietort.  the  in¬ 
coming  radiation  and  produce  locai  hot  areas  on  the  window.  Generally  ,  these  de¬ 
viations  are  spread  out  by  the  thermal  conductivity  of  the  window  and  are  close  enough 
to  the  optical  system  to  be  out  of  focus.  A  point  on  the  window  is  not  likely  to  appear 
as  an  exact  replica  of  a  target,  but  will  produce  additional  noise  in  the  tracking  system, 
thereby  effectively  reducing  its  sensitivity. 

The  problem  of  saturatior  -.f  the  infrared  detector  by  the  window  radiation  is  usually 
more  critical  than  the  "false  target  problem"  and  can  be  -reated  more  precisely.  Details 
of  the  particular  optical  techniques  employed  do  not  influence  the  saturation  calculation, 
and  a  general  analysis  is  possible.  If  the  field  of  view  is  assumed  to  be  small,  and  the 
window  is  assumed  to  be  isotheimal  and  fills  the  entire  field  of  view,  the  radiance  B 
can  be  expressed  as 


Now  the  effective  radiant  oower  P  incident  on  the  collector  is 

P  =  BArir(Sl)*  (21-18) 


where  fi  is  the  half-angle  of  the  field  of  view.  By  neglecting  the  losses  in  radiant  power 
due  to  any  space  filtering,  refractive  optical  elements,  etc.,  the  effective  radiant  power 
falling  on  the  detector  is  equal  to  that  falling  on  the  collector.  Therefore,  the  irradi- 
ance-at  the  detector  is 

Ht  —  ~  =  fijrfl*  ~  (21- 19) 
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where  /  =  focal  length.  The  irradiance  at  the  detector  is  a  function  of  only  the  window 
radiation  and  the  focal  length-to-diameter  ratio  of  the  collector 
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Fig.  21-7.  Emissivity  of  (a)  germanium  (single  crystal,  1.14  mm  thick); 
(61  silicon  (single  cryr  tal,  4.16  mm  tivck);  (c)  ntheti :  sapphire  (  ".11  mm 
thick)  [11]. 


The  emissivities  of  several  window  materials  are  shown  in  Fig.  2*~7,  others  are 
covered  in  Chapter  8. 

Figv-re  21-8  shows  the  detector  effective  upectral  irradiance  due  to  a  typical  window  of 
MgF*  at  various  temperatures 

In  a  conventional  air-to-air  missile  application,  the  window  temperature  can  reach 
several  hundred  degrees.  Figure  21-8  shows  that  at  the  detector  the  background 
irradiance  caused  by  th»  window  is  many  ordets  of  magnitude  greater  than  the  ir¬ 
radiance  from  the  target.  The  saturation  effects  of  elevated  window  temperature  are 
shown  in  Fig.  21-9  as  the  relative  magnitude  of  the  minimum  def’ctable  signal  (MDS), 
normalized  for  MDS  at  a  window  temperature  of  50"  C,  as  a  function  of  window  tempera¬ 
ture  It  i:»  assumed  that  no  window  radiation  outside  the  3 -ft  to  5-p  region  fallc  on  the 
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Fig.  21-f .  Effective  spectral  irradiance  at  a 
detector  vith  an  MgF,  window  is.  wave¬ 
length,  at  various  temperatures. 
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Fig.  21-9.  Relative  minimum  detectable 
signal  for  Ge:Au  and  PbTe  detectt.rs  as  a 
function  of  MgF2  wit-dow  temperatun.. 


d^tec+'r.  A  PbTe  detector  can  iose  sensitivity  by  a  factor  of  8  if  the  MgF2  window 
temperature  is  raised  from  50°  C  to  700°  V,  and  the  Au:Ge  detector  can  lose  sensitivity  by 
a  factor  of  360  for  the  same  window  temperati  .e  change.  It  should  be  noted  that  MgF2 
is  u  good  infrared  window  material  between  3  p  and  5  p,  end  other  materials  would 
probably  produce  more  of  a  saturation  effect  over  the  same  temperature  range. 

21.2.5.  M  thods  of  Alleviating  Hot-Window  Problems 

21.2.5.1.  Optical-System  Parameters.  Several  optical-system  parameters  have  a 
considerable  influence  on  the  overall  performance  through  the  effects  of  window  radia¬ 
tion.  They  include: 

(1)  Spectral  region  of  sensitivity  —  the  spectral  attribution  of  the  window  radiation 
can  a)*  -r  the  optimum  wavelength  limits  from  those  indicated  by  target-d;ioctor- 
nackground  considerations  alone. 

(2)  Detector  type— of  the  several  detectors  that  can  operate  in  the  desired  spectral 
region,  improved  saturation  characteristics  can  produce  a  g reate-  signal-to-noise 
ratio  than  slightly  greater  detectivity  in  the  presence  of  strong  window  radiation. 

(3)  Field  of  view-  reduction  of  the  field  of  view  is  important  smee  the  window 
irradiation  cn  the  cell  and  the  cell  area  are  reduced. 

(4  >  Window  location  —  for  systems  not  requiring  a  nose  installation,  careful  selection 
of  the  window  location  so  us  to  avoid  egions  of  high  heat  transfer  (shock  wave 
impingement,  boundaiy-Isyer  reattachment,  etc.)  can  reduce  window  radial' in. 
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21.2.5.2.  Delay  in  Tempera  are  fuse  of  the  Window.  In  many  systems,  the  time  of 
operation  is  short  enough  and/or  the  closing  rate  on  the  targtt  is  rapid  enough  (the 
target  signal  increases)  so  that  a  simple  delay  in  the  temperature  rise  of  the  window 
constitutes  a  satisfactory  solution  to  hot-window  problems. 

.several  delaying  methods  can  be  used.  The  most  obvious  approach  is  to  precool  the 
window.  When  the  tactical  situation  permits  (i.e.,  internal  missile  storage  in  flight, 
gron:  d  la  m<  h)  a  marginal  condition  can  be  made  operational  without  complicating  the 
basic  system  design. 

Assuming  that  the  window  material  has  the  highest  value  of  pcp  consistent  with  the 
optical  requirements,  the  time  constant  can  be  lengthened  by  increasing  the  window 
thickness,  b.  This  is  fairly  effective  with  window  materials  in  which  the  transmission 
loss  is  due  prima  hy  to  reflection  rather  than  absorption.  Optical  distortion  and 
window  weight  also  limit  this  approach.  Again,  a  marginal  condition  can  be  improved 
by  this  method 

Another  solution  involves  reducing  the  heat-transfer  coefficient.  *  flat  window 
mounted  along  the  side  of  a  vehicle  can  be  recessed  below  the  vehicle  suivnce,  thereby 
separating  the  boundary  layer  from  the  window  surface. 

Assuming  that  the  cavity  depth  is  of  the  same  scale  as  the  thickness  '  f  ti. '  boundary 
layer  and  that  the  boundary  layer  is  always  turbulent,  two  separate  flow  configui^ions 
can  exist  over  such  a  shallow  cavity.  The  first,  "closed  cavity,"  flow  exists  when  the 
boundary  layer,  initially  separated  as  it  crosses  the  upstream  edge  of ‘lie  cavity,  attaches 
to  the  cavity  floor  and  tnen  separates  again  ahead  of  the  downstream  edge  of  the  cavity 
(Fig.  21-1  Oa).  The  second,  "open  w'-'ity,”  flow  exists  when  the  boundary  layer  remains 
separated  over  the  entire  length  oi-  the  cavity  (r  ig  21-106).  The  flow  configuration  goes 
from  closed  to  open  at  die  cavity  length- to-depth  ratio  is  decreased.  As  the  boundary 
layer  become®  thicker  with  respect  to  the  cavity  depth,  the  transition  from  closed  flow 
to  open  flow  becomes  more  gradual  and  the  flow  configuration  is  not  as  semitive  to 
changes  in  length- .e-depth  ratio,  LIH.  Roughly,  for  a  uniform  depth  cavity,  length-to- 
depth  raUes  less  than  about  10  will  product  open-cavity  flow. 
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Theoretical  treatment  of  aerodynamic  heal  transfer  in  separated  flow  has  not  proved 
too  satisfactory  because  of  lack  of  ava.lable  experimental  data.  For  experimental  data 
measured  in  a  configuration  similar  to  the  one  under  consideration  at  moderate  Mach 
numbers,  see  [12].  The  heat- transfer  coefficient,  h,  on  the  cavity  floor,  normalized 
with  respect  to  the  heat-transfer  coefficient  for  an  attached  flow  at  the  same  body  station 
and  Reynolds  number,  ia  shown  in  Fig.  21-11  and  21-12. 


X/L  X/L 

(a)  (o) 

Fig.  21  11.  Variation  of  the  heat-transfer  distribution  on  the  floor  of  the 
cutout  as  a  function  of  LIE  at  M0  —  2.91121.  (a)  Thin  oncoming  boundary 
layer;  (b)  thick  oncoming  boundary  layer. 


(a)  ib) 

Fig.  21-12.  Parametric  map  of  heat-transfer  coefficient  ratio  'minimum, 
maximum,  and  at  X/L  -■  0.7)  as  functions  of  L/H  and  AfV  (a  i  thin  boundary  layer; 
ib'i  thick  boundary  layer  [121  Note:  points  are  averages  over  all  tests. 


i 


REFRACTION  BY  THE  FIELD  OF  FLOW 


839 


For  all  values  of  LIH  the  heat-transfer-coefficient  ratio  drops  considerably  below  1 
in  the  separation  wake,  and  rises  above  1  in  the  recompression  wake,  reaching  a  maxi¬ 
mum  at  the  downstream  edge  of  the  cavity.  The  typical  hlhf  distributions  plotted  in 
Fig.  21-11  show  that  an  increase  in  the  boundary-layer  thickness  does  not  charge  the 
general  character  of  the  curves,  but  does  raise  significantly  the  average  level  of  heat 
transfer.  In  Fig.  21-12  it  can  be  seen  that  the  relative  heat-transfer  coefficient  de¬ 
creases  with  decreasing  Mach  number  and  a  higher  ratio  of  L.1H  produces  a  greater 
maximum  heat-transfer  coefficient. 


21.5.  Refraction  by  the  Field  of  Flow 

21..'. 1.  Index  of  Refraction  of  Air.  In  the  analysis  of  aerodyrmnic  influences  on 
electromagnetic  radiation,  the  index  of  refract  m  n,  of  air  must  be  considered.  The 
major  change  in  index  of  refraction  of  air  takes  place  with  a  change  in  density,  />. 
The  variation  of  iroex  of  refraction  for  transparent  substances  as  a  function  of  density 
is  [13] 


nl  —  1 
n'  +  2 


=  kp 


(21-21) 


This  is  the  Lorenz-Lorenz  law  which  for  gases  (n  ~  1)  reduces  to  the  simpler  Gladstone- 
Dale  law: 

n  —  1  =  kp  (21-22; 

with  virtually  n  ss  in  accuracy.  Figure  21-13  shows  the  variation  of  k  in  Eq.  (21-22) 
as  a  function  .  wavelength,  as  deduced  from  the  data  of  [14].  Variations  in  index  of 
refraction  due  to  temperature  effects  on  molecular  structure  and  changes  in  atmospheric 
composition  are  neglected. 

Figure  21-13  shows  that  the  effects  of  refraction  through  nonuniformiiiee  in  air  are 
more  pronounced  in  the  visible  portion  of  the  spectrum  than  in  the  innared.  In  the 
wavelength  region  beyond  the  near  infrared  (X  >  1  p.)  the  refractive  index  of  tir  is 
nearly  invariant  with  wavelength;  thus  one  finds  no  dispersion  and  no  chromatic 
aberration. 


Fig,  21'  13.  Gladstone-Daie  constant  for  air  114). 


21.3.2.  Shock-W&ve  Effects.  As  a  body  travels  through  the  atmosphere,  the  air 
must  adjust  to  accomr.  odate  it.  At  supersonic  velocities  the  initial  adjustment  takes 
place  across  shock  waves,  which  r  "e  discontinuities  in  the  air  properties.*  Surfaces 

•Shock  waves  are  net  exactly  discontinuities  hut  do  have  a  finite  thickness.  This  thickness  is 
about  five  molecular  mean  free  j*aths,  which  allows  tr  anslational  and  rotational  equilibrium  of  the 
molecules  to  be  ttstablished.  At  sea  level  the  shock  wave  is  about  1  u.  thick. 
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v  ith  sharp  leading  edges  at  moderate,  positive  angles  of  attack  have  these  shock  waves 
attached  to  the  leading  edge;  relatively  blunt  bodies  have  shocks  detached  and  standing 
some  distance  ahead  of  the  body.  The  strength  and  orientation  of  these  shock  waves 
are  determined  by  the  flight  Mach  number  and  the  geometry  of  the  body. 

The  relation  between  th*  density  ahead  of  the  shock,  p,,  and  the  density  behind  the 
shock,  pi,  is 

6M.<  .in'  «  m.23) 

P,  MJ  sin*  0  +  2 

Equation  21-23  shows  that  the  density  ratio  (shock  strength)  increases  ’.nth  the  shock 
angle,  0,  and  the  firee-etream  Mach  number,  M,  approaching  the  maximum  value  of  6 
for  a  normal  shock  at  M*. 

No  convenient,  explicit  re;  itions  exist  for  determining  the  shock  angle.  However, 
curves  of  shock  angle  as  a  function  of  Mach  number  and  flow  inclination  are  given  in 
[8].  Figures  21-14  and  21-15  show  representative  curvos  of  the  functions  for  both 
wedge  and  conical  flow. 


CONE  SEMIVERTEX  ANCLE  q  (d«f™*a) 

Fig.  21-14  Shock-wave  for  conical  flow. 


DEFLECTION  ANCLE  3  (ri*gr«M) 

Fig.  21-Je.  Shock-wave  ang'@  for  wet^e  flow. 


REFRACTION  BY  THE  FIELD  OF  FLOW 


841 


A  shock  wave  produced  by  solid  surfaced  is  exceptionally  steady  and,  because  of  the 
density  change  across  it,  is  a  good  refracting  surface.  Since  a  plane  shock  wave  is  not 
necessarily  perpendicular  to  the  optical  axis  or  parallel  to  the  window  surface,  the 
effects  of  refraction  unit  be  taken  into  account  even  in  the  simplest  case.  Using  Snell’s 
law,  the  angle  /3(  of  the  incident  ray  and  the  angle  /Si  of  the  refracted  ray,  both  measured 
from  the  normal  to  the  shock  plane,  can  be  related  by  Eq.  (21-24): 


or  alternatively, 


sin  /3i  _  1  +  kpt 
jin  /Si  1  +  kp, 


(21-24) 


sin  ,6 ;  l  |  oi  —  1  pi 
sin  /3 1  *»i  n,  p< 


(21-25) 


where  nt  is  a  specia'  index  value  in  the  first  medium.  From  Eq.  (21-25),  the  angular 
deviation  of  a  ray  passing  through  a  plane  shock  wave  can  be  calculated  as  a  function 
in  incidence  angle.  This  is  shown  in  Fig.  21-16  for  various  density  ratios  and  two 
altitudes.  Figure  21-16  shows  thai  the  density  ratio  of  6  (the  limiting  value)  ft  sea 
level  is  the  worst  possible  refraction  error.  The  angular  deviation  in  this  limiting 
case  is  seen  to  be  about  1.5  mrad  (300  sec  of  arc)  at  a  45°  incidence  angle.  At  the  higher 
altitude,  50:000  ft,  the  maximum  refraction  error  at  45°  incidence  i  only  0.25  mil 
(50  sec),  or  about  one-sixth  of  the  sea-level  value.  The  minimum  density  ratio  shown  is 
2,  which  corresponds  to  a  normal  shock  wave  at  about  Mach  1.6.  The  deviation  of  the 
rsy s  is  only  u’  out  one-fifth  of  the  limbing  value. 


Fig.  21-16.  Angular  deviation  of  infrared  rudiatior. 
passing  through  plane  shock  waves. 
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Another  way  of  considering  the  variation  of  plane  shock-wave  refraction  effects  is 
to  fix  the  body  geometry  and  ailcw  the  Mach  number  to  change,  producing  variations 
in  density  ratio  and  shock  angle.  Selecting  a  flow  inclination  of  10°, 


cos  (d  4  <M  _  1  +  kp> 
cos  (0  +  d>2)  1  +  kpi 


(21-26) 


Figure  21-17  shows  the  angular  deviation  of  a  ray  as  a  function  of  its  angle  with  respect 
to  the  direction  of  flight.  This  corresponds  directly  to  the  error  between  the  true  and 
apparent  target  position  as  seen  by  an  optical  system  situated  in  the  wedge  shown  in 
the  figure.  From  Fig.  21-17  it  can  be  seen  that  a  target  along  the  direction  of  flight  will 
appear  0.2  mil  (42  sec)  too  high  at  Mach  2,  and  about  1  mil  too  high  at  Mach ,'».  In  the 
limiting  case  of  a  Mach  number  of  infinity,  the  error  along  the  flight  direction  is  3.2 
mils.  This  error  is  less  as  the  incident  ray  becomes  more  nearly  perpendicular  to  the 
shock  wave,  and  when  it  is  exactly  perpendicular  the  error  goes  to  zero. 

Because  of  this  shock  wave,  wide-angle  photography  suffers  a  distortion  in  the  flight 
direction,  even  if  the  option!  axis  is  perpendicular  to  it.  If  this  distortion  is  evaluated 
as  the  difference  in  angular  deviation  of  the  rays  at  each  edge  of  the  field  of  view,  the 
minimum  distortion  occurs  when  0  +  $,  =  n/2.  At  that  point  the  slopes  of  the  curves  of 
Fig.  21-17  yield  a  distortion  of  about  0.3  mil  per  radian  field  of  view  at  Mach  2,  and  about 
0.7  mil  per  radian  field  of  view  at  Mach  5.  More  explicitly,  for  example,  a  1-rad  fieid-of- 
view  instrument,  in  a  10°  wedge  flying  at  Mach  5,  would  show  two  objects,  one  at  eacu 
limit  of  the  field  of  view,  too  close  together  by  at  least  3.6  ft  for  every  mile  of  range. 


Fig.  2J-17.  Angular  deviation  of  infrared  radiation 
passing  hrough  plan  -  shock  waves  produced  by  a  10° 
wedge  sea  level). 
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Shock  Axis 


Fig.  21-18.  Conical  shock  wave  refraction  of  incident 
radiation. 


The  curved  shock  wave  occurs  when  the  shock  is  detached  from  the  leading  edge  or 
when  the  body  itself  presents  a  nonplane  surface  to  the  flow  (e.g.,  curved  cross  section, 
or  body  width  not  large  compared  to  its  thickness).  The  introduction  of  curvature  into 
the  de.isity  discontinuity  produces  a  focusing  effect  which,  except  in  special  cases,  is 
astigmatic.  To  demonstrate  the  nature  of  the  problem,  consider  first  the  conical  shock¬ 
wave  influence  on  an  incident  plane  wave  of  radiation  approaching  perpendicular  to  the 
i»ne  axis,  as  shown  in  Fig.  21-18.  This  curved  shock  acts  as  a  lens  and  tends  to  focus 
incoming  rays  of  parallel  light.  For  the  particular  case  of  Fig.  21-18,  the  focal  length 
is  given  by 


/_  n,  tan  ff 
x  nt—  n  i 


(21-27) 


where  x  =  axial  distance  from  the  apex  of  the  shock  cone 
0  =  the  shock  angle. 
n  i  -  index  value  in  second  medium. 

The  locus  of  the  "focal  line”  has  been  calculated  for  two  cone  half-engles,  10°  and  20°, 
and  the  variation  with  Mach  number  is  shown  in  Fig.  21-19.  It  can  be  seen  that  the 
shcck  lens  becomes  stronger  ( fix  less)  with  increasing  cone  angle  and  Mach  number 
because  of  the  increase  in  shock  strength.  1  he  effect  of  this  conical  lens  is  to  skew  the 
focal  plane  of  a  normal  optical  system  whose  axis  :s  aligned  with  the  incoming  radiation. 
In  order  to  estimate  the  importance  of  this  effect,  consider  an  // 1  optica'  system  with  a 
35-cm  aperture.  40  cm  from  the  apex  of  a  10°  half-angle  cone.  If  the  source  is  «  line 
parallel  to  the  cone  axis  and  at  an  infinite  distance,  the  change  in  the  image  at  the  focal 
plane  can  he  calculated  only  or.  the  basis  of  geometrical  changes  (i.e.,  the  change  in 
convergence  angle  of  the  rays).  The  magnitude  of  the  defocusing  due  to  the  shock  then 
can  be  compared  to  the  diffraction  limit  of  tue  simple  optical  system.  Table  21-1  shows 
that  the  image  defocusing  due  to  the  conical  shock  wave  at  Mach  2.  in  an  uncorrected 
syBtem,  would  be  about  five  times  as  large  as  the  theoretical  resolution  limit,  and  about 
ten  times  larger  at  Mach  5.  Simply  refocusing  the  system  would  bring  the  defocusing 
to  within  a  factor  of  2  of  the  theoretical  resolution  limit  even  at  Mach  5.  As  the  optica! 
axis  tilts  toward  the  shock  apex,  be  curvature  nornr»-  to  the  incoming  wav.?  front  be¬ 
comes  elliptical  and  then  parabolic  rather  than  circular,  introdu  g  further  astig¬ 
matism.  Also,  as  the  optical  fh  passes  through  regions  near  the  apex  of  the  shock 
cone,  the  radius  of  curvature  ol  ihe  shock  decreases,  producing  a  lens  of  greater  power. 
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MACH  NUMBER 

Fig.  21-19.  Ratio  of  focal  length  to 
arial  distance  from  apex  for  a  conical 
shock  wave. 

Table  21-1.  Emtcr  of  Conical  Shock  Wave  on 
fll,  15-Cm  Optical  System 

Mach  —  3.0  Mach  =  5.0 

Theoreticel  resolution  limit  2.4  x  10  '  rad  2.4  X  10  *  rad 

Change  (in  focal  length)  (fwd)  2.4  x  10  3  c  n  6.4  x  10  2  cm 

due  to  shock  (alt)  1.7  x  10"*  cm  4.6  x  10"*  cm 

Angle  subU  at  (fwd)  1.6  x  10  4  rad  4.3  x  10~4  rad 

imape  by  15-cm  foeis  (aft)  1.1  x  10  4  rad  3.1  x  JO"4  rad 
with  shock 

Maximum  image  angle  2.1  x  10  s  rad  5  8  x  10~*  rad 

subtended  at  optimum 
focus  with  shock 

A  more  complicated  optical  mechanism  exislr  in  the  case  of  flow  about  a  conical  body. 
This  arises  because  the  density  of  the  air  is  not  constant  in  the  flow  field  between  the 
shock  wave  and  the  body  surface.  To  accurately  compute  this  type  of  effect  involves  a 
complicated  integration  process;  the  approximate  solutions  are  given  in  [151.  Typ 
icaliy,  for  a  cone  half-angle  of  2(T  the  contributions  of  the  density  gradients  behind  the 
shock  wave  are  approximately  26%  and  14%  of  the  total  error  at  Mach  numbers  of  2.0 
and  3.5,  respectively,  when  the  ray  is  approximately  perpendicular  to  the  cone  axis. 

In  the  case  of  a  hemisphere  traveling  at  supersonic  speeds,  a  nearly  spherical  detached 
shock  forms  ahead  of  the  body  and  becimes  part  of  the  optical  path.  Assume,  for  exam¬ 
ple,  a  plane  wave  of  radiation  falling  on  the  hemispherical  shock  along  its  axis  of 
symmetry  (Fig.  21-20).  Rays  striking  an  oblique  portion  of  the  shock  surface  should 
be  brought  to  some  sort  of  focus  on  the  axis  of  symmetry.  However,  the  change  in  index 
of  refraction  across  the  shock  is  not  constant  but  varies  with  the  shock  angle.  It 
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Fig.  21-20.  Hemispherical  shock  wave  refraction  of  >»vident  radiation. 


appears  that  each  elemental  annular  ring,  centered  on  the  axis  of  symmetry,  has  its 
own  focal  length  along  the  axis.  Using  the  relations  for  the  density  char ■’g<-  across  the 
shock  and  Snell’s  law,  this  focal  point  can  be  computed  as  a  function  of  'die  entrance 
angle,  d'-  Figure  21-21  shows  the  results  of  such  calculations.  For  Mach  3  flight  at 
sea  level,  the  focal  length  increases  with  <i>,  but  at  Mach  5  it  decreases  with  increasing  i//. 
Apparently,  at  some  Mach  number  for  sea-level  flight  the  hemispherical  shoch  behaves 
as  a  proper  lens  and  has  a  single  focal  length.  This  Mach  number  appears  to  be  a .  out 
3.26.  The  focal  length  becomes  shorter  as  the  Mach  number  increases  because  o  '  the 
stronger  shock.  The  simplified  assumption  of  a  spherical  shock  front  obscures  U12  de¬ 
tailed  ray  behavior  due  to  the  change  of  shock  geometry  with  Mach  number;  hew  aver, 
this  is  of  minor  importance. 


FOCAL  LENGTH  £ 

SHOCK  RADruS  ’  R 

Fig.  21-21.  Ratio  of  focal  length  to  shock  radius  for 
hemispherical  shock  wave,  A  >  15  p,  at  sea  level. 


An  additional  optical  element  wilh  a  focal  length  equal  to  about  a  thousand  times 
the  shock  radius  is  still  significant.  Consider,  the  same  15-cm,  fj I  optical  system 
behind  a  25-cel -dinmeter  hemispherical  shock.  Again,  the  geometrical  growth  of  the 
point’s  image  in  the  foca:  plane  is  compared  to  the  theoretical  limit  of  resolution  of  the 
system.  Table  21-2  shows  the  effects  of  the  hemis^nerical  shock  wave  at  Mach  3  and 
Mach  5.  The  geometrical  blurring  or  the  image  by  the  shock  in  the  uncorrected  focal 
plane  is  seen  to  be  50  to  100  times  greater  than  the  circle  of  confusion.  By  moving  the 
focal  plane  a  few  tenths  of  a  millimeter  to  obtain  an  optimum  focus  in  the  presence  of 
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Table  21-2.  Effect  of  Hemispherical  Shock  Wave 
on  // 1,  15-cii  Optical  System 


4/ -3.0 

/if  =  5.0 

( radians ) 

•  -adians ) 

Theoretical  resolution  limit 

2.4  X  10  5 

2.4  x  10  * 

Angle  subtended  by  impge  at 
15-cm  focus  with  shock 

io-» 

1.4  x  10  3 

Angle  subtended  by  image  at 
optimum  focus 

a. 5  X  10* 

0.6  x  10  5 

the  shock  wave,  the  geometrical  spreading  of  the  image  becomes  loss  than  the  original 
circle  of  confusion.  If  the  optical  system  looks  off  the  axis  of  the  shock  system,  the 
situation  is  far  more  complex.  The  density  changes  lose  their  axial  symmetry,  and  the 
intercepted  section  of  the  shock  wave  is  no  longer  hemispherical  but  more  nearly 
parabolic. 

21.3.3.  Boundary-Layer  Effects.  The  boundary  layer  can  have  any  ol  several 
effects  on  the  radiation  passing  through  it.  Steady- state  effects  can  be  similar  to  those 
found  in  the  inviscid  flow  field,  and  the  fluctuating  nature  of  a  tnrbulent  boundary  layer 
can  have  very  serious  optical  consequences.  Since  the  static  pressure  across  a  boundary- 
layer  is  nearly  constant,  the  variations  in  index  of  refraction  are  due  entirely  to  the 
variation  in  static  temperature.  In  the.  normal  situation,  n  decreases  from  its  free- 
stream  value  as  the  wall  is  approached..  A  minimum  index  of  refraction  would  cor¬ 
respond  to  recovery  temperature  at  the  wall  (Eq.  21-2),  and  this  describes  the  "maximum 
effect"  which  can  be  excreted  (unless  the  wall  is  artificially  heated  by  some  means). 
It  should  be  noted  that  boundary-layer  thicknesses  range  from  0  in.  at  the  leading  edge 
of  a  sharp-edged  surfa-e  to  several  inches  well  hack  along  a  full-scale  aircraft.  The 
approximate  boundary-layer  thickness  S  on  a  flat  plate  is  given  in  [2]  as 


Siam  ~  5  V  >x/u 


(21-28) 


Olurb  — 


(21-29) 


where  u  --  velocity,  v  —  kinematic  viscosity,  and  x  =  surface  distance.  It  is  seen  that  8 
is  proportional  to  x'n  in  the  laminar  case  and  o  is  proportional  to  i*/s  in  the  turbulent 
case. 

On  the  surface  of  a  flat  5.  late,  two  optical  effects  hi  the  gtreamwise  direction  can  be 
caused  by  this  boundary-lav  er  growth.  First,  the  atreamwise  curvature  of  the  boundary 
layer  can  cause  a  reusing  edect,  bt  t  some  simple  calculations  show  this  to  be  negligible. 
At  Mach  'i  at  sea  level,  for  example,  the  focal  length  of  the  laminar  boundary  layer, 
only  30  cm  from  the  leading  edge,  is  greater  than  10K'  cm.  The  second  effect  is  an 
angulu  deviation  due  to  the  locally  nonparallel  surfaces  of  the  boundary  layer  (i.e., 
the  surface  at  the  wall  and  the  outer  edge)  Under  the  conditions  mentioned  above, 
the  prismlike  deviation  is  about  1  prad.  Increased  velocity  and  altitude  both  decrease 
the  magnitude  of  this  effect. 

The  curvature  of  a  body  and  the  resulting  cu  -vature  of  the  boundary  layer  can  cause 
nnother  type  of  focusing  to  take  place.  Considering  only  curvature  and  refraction  in 
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a  single  plane,  the  apparent  distances  of  an  image  from  the  circularly  curved  interface 
between  t-o  media  of  differing  index  of  refraction  can  be  written 


A  |  Til  ni  -  Hi 

Si R 


(21  30) 


where  R  =  radius  of  curvature  of  the  interface 

Si  and  St  —  the  apparent  distances  as  seen  from  within  the  two  med<t 

If  the  boundary  layer  is  assumed  to  be  thin  compared  to  the  radius  f  curvature, 
(i.e.,  the  radius  of  curvature  of  the  outer  edge  of  tne  boundary  is  assumed  equai  to  the 
inner  radius),  Eq.  (21-30)  can  be  used  to  determine  the  refractive  effects  of  the  boundary 
layer.  When  Eq.  (21-30)  is  applied  successively  to  thin  layers  of  constant  index  of 
refraction,  it  is  found  that  the  indices  of  refraction  at  the  wall  and  at  the  outer  edge  of 
the  boundary  layer  will  completely  describe  the  refractive  power  of  the  boundary  layer. 
By  setting  the  original  source  distance  at  infinity,  the  incoming  rays  are  made  parallel, 
and  the  resulting  apparent  source  distance  from  the  boundary  Jayer  is  the  effective 
focal  length.  Thus, 


/  _  rite 

R  (»»-«,) 


(21-31) 


The  index  of  refraction  in  the  loca.  free  stream,  nx,  can  easily  be  determined  once  flight 
conditions  have  been  established;  however,  the  index  of  refraction  at  the  wail,  n„, 
cannot  be  precisely  predicted  unless  some  knowledge  of  the  wall  temperature  is  at  hand. 
As  an  example,  the  maximum  effect  will  be  calculated  (i.e.,  wall  temperature  equals 
recovery  temperature).  In  general,  the  density  of  the  boundary  layer  will  be  leas  at 
the  wall  than  at  the  frte-stream  edge,  and  the  minimum  density  possible  is  that  asso¬ 
ciated  with  recovery  temperature  for  a  turbulent  boundary  layer.  Recalling  that  the 
static  pressure  is  constant  across  the  boundary  layer,  Eq.  (21-2)  and  the  perfect  gas  law 
can  be  used  to  find  the  density  difference.  With  these  results  and  the  GladsLone-Dale 
law,  Eq.  (21-31)  can  be  rewritten 

R=~  ik^)  C°!  'M  *  +  1}  ~  5r~,/W"’  (21-32) 


From  Eq.  (21-32)  it  <an  be  seen  that  the  focal  length  is  negative,  which  means  that  the 
boundary  layer  acts  as  a  concave  lens  and  makes  incoming  parallel  rays  diverge.  In 
addition,  the  larger  the  absolute  value  of  the  ratio  f/R,  the  less  the  effect  that  the 
boundary  iayer  has  or.  optical  performance.  At  low  Mach  numbers  the  boundary  layer 
is  not  a  very  important  optical  element,  and  at  Mach  numbers  above  5  or  6  the  effe 
approaches  a  limit  of 


R 


(21-33) 


Figure  21-22  shows  the  results  of  calculations  based  on  Eq.  (21-32)  as  a  plot  of  fIR 
verviis  local  free-stream  Mach  number  for  a  cylindrical  body  traveling  with  its  axis  at 
zere  angle  of  attack  and  incident  parallel  rays  perpendicular  to  the  axis.  The  strength 
of  the  boundary  layer  as  an  optical  element  can  be  saen  tc  be  about  the  same  as  that  of 
the  hemispherical  and  conical  shock  waves  previously  discussed. 

The  example  shown  in  Fig.  21  -22  is  rather  restricted.  If  the  body  under  consideration 
is  not  cylindrical  but  is  for  example,  an  og/ve  of  circular  cross  section,  the  increasing 
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Fig.  21-22.  Ra.  o  of  focal  length  to  radius  of 
boundary-layer  curvature. 


body  radius  causes  the  local  flow  properties  to  "ary  along  the  surface,  and  the  variations 
in  local  frec-stream  Mach  number  and  density  may  pir  <  results  somewhat  different 
than  those  shown  in  Fig.  21-22.  In  addition,  th^  curvatme  in  two  diiections  in  this 
case  would  create  considerable  astigmatism. 

It  should  be  emphasized  that  the  foregoing  discussion  describes  the  behavior  of  the 
radiation  just  h<  rore  it  passes  from  the  boundary  layer  ;n(o  the  protec  tive  window  cr 
optical  device.  The  geometry  and  properties  of  the  outermost  optical  eiement  must  be 
consider**!  when  the  effects  of  the  boundary  layer  are  calculated  lor  n  particular  con¬ 
figuration.  For  instance,  if  a  thin  protective  window  with  the  same  radius  of  curvature 
as  the  boundary  layer  separates  the  boundary  layer  from  an  evacuated  cavity,  the 
effective  focal  length  of  tne  boundary  lay;  ■  window  combination  is 

f=  1_ 

R  ’  */>. 

regardless  of  the  bight  syed  or  window  material. 

21.3.4.  Fluctuaiinf7-hn>i!»dary- Layer  Effects.  The  turbulent  boundary  layer  is 
charactnr’Ted  by  random  variations  in  velocity  superimposed  on  the  mean  velocity 
distribution.  Integrated  aerodynamic  effects  of  the  turbulent  boundary  layer,  such  as 
heat  transfer  and  friction  drag,  are  fairlv  well  known;  but  little  is  known  about  the 
structure  of  the  turbulence  itself,  and  no  entirely  satisfactory  mathematical  model  is 
available 

Several  optical  effects  are  present  bocause  of  the  nonuri  fortuities  in  the  boundary 
*ayer.  The  perturbations  of  the  index  of  refraction  causes  the  incoming  rays  to  be  re¬ 
flected  to  »  “ving  extent  throughout  the  field;  the  local  disturbances  not  being  con¬ 
stant,  with  tunc  When  an  image  is  focused  by  an  optical  system,  these  disturbances 
give  rise  to 
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(1)  Image  d  ncing- random  shifting  in  apparent  object  position. 

(21  Scintillation  —  fluctuation  in  image  intensity. 

v3)  Lois  in  resolution -initially  parallel  rays  not  coming  to  focus  at  the  same 
point  in  the  ima<**  plane. 

Several  attempts  to  determine  the  magnitude  of  these  effects  have  been  carried  out 
[16.  17,  18,  and  19] .  However,  variations  in  experimental  technique  and  measured 
quantities  make  it  difficult  to  correlate  the  results.  Some  attempt  to  predict  the  loss 
in  resolution  for  H  i.ua!  flight  conditions  was  made  with  the  following  results  [20]: 

The  nattering  (loss  in  resolution)  due  to  the  turbulent  boundary  layer  can  be  cor¬ 
related  on  the  basis  of  a  parameter  ji  ,  which  is  defined  as  [19] 


(21-34) 


where  8  —  boundary-layer  thickness 
px  —  free-stream  air  density 

p(y)  =  local  density  as  a  function  of  distance  from  the  wall  <>-> 

To  evaluate  this  integral,  some  model  of  the  boundary-layer  profile  must  be  used. 
If  one  assumes  that  no  heat  is  transferred  to  the  wall,  that  the  Prandtl  number  =  1, 
and  that 


the  density  ratio  in  air  can  be  written 

i  - ! :  -  °-2"-*  t1  -  (if] } '  (21-36> 

In  Fig.  21-23  the  Stine  and  Wino.lch  parameter  / 37p«8  is  shown.  The  boundary-layer 
thickness  on  a  fiat  plate,  8,  is  approximately 

8  =  0.37  ^  (21-36) 


Fig.  21-23.  Ptine  and  Winovich  scattering  parameter 
vtrtut  Mach  number  for  ulUm  «  (y/f  *. 
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From  the  data  of  [17,  18,  19]  and  the  analyses  of  [18]  and  [20],  it  appears  that  for  the 
wind  tunnel  experiments,  the  empirical  relation  is 

dB  *  KBdi  V8  (21-37) 

where  K  =  2.47  rad  flw,/slug.  The  resolution  limit,  6.  is  defined  in  [  19]  as  the  angular 
diameter  of  t.he  aperture  at  the  image  plane  through  which  85%  of  the  total  energy 
from  a  point  3ource  -collimated  beam)  passes. 

Equation  (21-37)  is  very  approximate  and  should  be  considered  only  as  a  guide  to 
the  general  magnitude  of  the  image  degradation.  The  difficulties  in  making  wind- 
tunnel  measurements  and  the  variations  in  technique  among  the  various  experimenters 
precl*  le  an  exact  prediction  of  resolution  loss.  However,  some  valid  general  trends 
can  be  observed  from  Eq.  (21-36).  First,  the  resolution  limit  is  proportional  to  the 
free-stream  density  (and  therefore  altitude).  Second,  the  resolution  loss  increases 
approximately  as  x*',  x  being  the  distance  from  the  aerodynamic  leading  edge  of  the 
vehicle.  Figure  21-24  shows  Eq.  (21-36/  evaluated  for  several  altitudes  for  a  range  of 
Mach  numbers. 


0.4  0.6  0.8  1.0  1.2  1.4  1.6  1.8  2.0 


FREE-STREAM  MACH  NUMBER  (M  ) 

X 

Fig.  21-24.  Resolution  limit  as  a  function  of  Mx  and  bod}’  station. 

in  the  treatment  of  this  problem  to  date,  no  data  have  been  obtained  on  the  influence 
of  aperture  diameter.  The  larger-diameter  astronomical  telescopes  are  not  as  suscep¬ 
tible  to  atmospheric  turbulence  [21].  Tests  so  far  have  been  made  with  apertures  of 
I  to  3  in. 
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21.4.  Radiation  from  Heated  Air 

Most  of  the  infrared  radiation  originating  in  the  air  surrounding  the  vehicle  comes 
from  heating  of  the  sir  either  by  its  p  sage  through  a  strong  shock  wave  or  by  its 
being  accelerated  in  the  boundary  layer.  Since  the  radiation  energy  associated  with 
this  flow  held  is  many  orders  of  magnitude  below  the  kinetic  and  potential  energies, 
the  description  of  the  flow  field  can  be  treated  independently  of  the  radiat'on.  Once 
the  flow-field  properties  are  established,  the  radiation,  in  principle,  can  be  estimated 
from  laboratory  measurements  and  from  theory. 

The  calculation  of  the  flow  field  is  compiex.  Not  only  must  the  pressure  and  tempera¬ 
ture  be  estimated  at  each  point  in  the  field  from  the  vehicle  out  to  the  bow -shook  wave, 
but  also  the  nonequilibrium  and  chemical  kinetic  effects  must  be  accounted  for.  These 
two  considerations  ar<  vital  if  realistic  estimates  of  air  radiation  are  to  be  macie, 
especially  at  high  alti.udes  and  high  speeds.  In  particular  the  molecular  'ibration- 
rotation  relaxation  times  may,  or  may  net.,  be  long  enough  to  provide  a  radiation-free 
area  in  the  forward  part  of  the  flow  fieb  .  Ihe  constituents  of  high-temperature  air 
(in  particular  CO  and  NO  which  do  not  occur  at  ambient  conditions)  must  he  found  to 
calculate  a  reasonable  spe’trum. 

If  the  fluid  properties  are  known,  the  radi'.  tion  characteristics  can  be  estimated  from 
standard  works  on  gaseous  radiation  such  as  f 22]  and  [23], 
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22.  Physical  Constants  and  Conversion  Factors 


22.1.  Physical  Constants 

Table  22-l( A)  lists  defined  values  and  equivalents;  Table  22-l(B)  lists  energy  conver¬ 
sion  factors;  and  Table  22-l(C)  gives  adjusted  values  of  constants.  The  values  are  those 
recommended  by  the  National  Academy  of  Sciences  and  the  National  Research  Council, 
as  reported  in  Physics  Today,  issue  of  February  1964.  The  notation  used  follows  that 
of  this  reference. 

22.2.  Length  (/) 

The  standard  of  length  is  the  meter,  defined  as  1,553,164.13  wavelengths  of  the 
cadmium  red  line  in  air  at  760  mm  pressure  and  15°C.  Conversions  from  one  set  of 
units  to  another  are  given  in  Table  22-2.  Equivalents  of  some  common  fractions  of 
inches  ir.  decimals  and  millimeters  are  given  in  Table  22-3.  Figure  22-1  provides  a 
graphical  technique  for  length  conversions  in  yards,  kilometers,  statute  miles,  and 
nautical  miles. 

22.3.  Area  (P) 

Measurements  of  area  are  based  on  those  of  length,  thus  there  is  no  standard  area. 

22.4.  Volume  (P) 

Table  22-4  includes  the  common  scientific  units  of  volume. 

22.5.  Angle 

An  angle  is  usually  defined  in  terms  of  a  fraction  of  a  circle,  or  the  arc  and  radius  of 
the  arc.  Given  this  way,  it  ic  dime  uonless,  although  the  name  nuLan  is  usually 
specified.  One  radian  is  the  angle  subtended  by  an  arc  equal  to  the  radius  of  the  circle. 
When  specified  in  degrees  the  angle  is  still  dimensionless,  but  numerical  difficulties 
arise  in  calculations  because  the  number  base  360  is  now  implicit.  Conversions  among 
degrees,  radians,  grades,  etc.,  are  given  in  Table  22-5.  It  should  be  noted  that  a  mil 
is  often  defined  in  the  srme  way  as  a  milliradian,  and  is  often  given  as  1/6400  of  a  circle, 
and  also  ns  a  subtense  (grade)  of  1  part  ir.  1000.  These  are  all  app»-oximately  equal  for 
small  angles.  Here  they  are  defined  as  follows: 

1  milliradian  (1  mrad)  =  0.001  radian 
1  angular  mil  (1  mil)  =  angle  of  1  part  in  1000 
1  military  mil  (1  mmil)  =  1/6400  circle 

Figure  22-2  is  a  conversion  chart  for  changing  from  millirad'ans  to  degrees  and  min¬ 
utes  for  small  angles. 

22.6.  Mam  (m) 

Mass  is  the  quantity  of  matter.  Table  22-6  provides  data  for  converting  from  one 
mass  unit  to  another.  The  following  conversion  for  energy  and  mass  equivalents  is 
sometimes  used: 


1  g  -  5.61000  x  10*=  Mev 
855 
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The  ratios  of  proton  to  electron  mass  is  1836.12,  and  the  mast  of  the  earth  is  5.983 
v  1034  kg  (6.595  x  1(P>  tons). 

Table  22-7  lists  some  useful  mass  units. 

22.7.  Density  (ml  3) 

Density  is  mass  per  unit  volume.  Specific  gravity  is  the  ratio  of  the  density  of  a 
subctance  to  that  of  water.  In  the  metric  system  specific  gravity  and  density  have  the 
same  value;  in  the  English  system  specific  gravity  must  be  multiplied  i>y  the  density  of 
water.  Table  2  .  3  gives  convention  factors.  The  density  of  water  at  3.98°C  and  760 
mm  pressure  is  1  g/ml;  the  density  of  water  at  4°C  and  760  mm  pressure  is  l  g  cm  3. 
This  accounts  for  the  fart  that  1  liter  is  equal  to  1000.027  cc.  The  density  of  air  at  STP 
is  1.293  x  10~3gcnr3.  Tables  of  the  density  of  air  as  a  function  of  pressure  and  tempera¬ 
ture  are  available  in  standard  handbooks. 

22.8.  Time  (0 

The  unit  of  time  is  defined  as  i/86,400  of  a  mean  solar  day  Table  22-9  gives  time 
conversion  factors 

22.3  Velocity  and  Speed  (It  ') 

Linear  velocity  is  the  time  rate  of  motion  in  a  fixed  direction;  angular  velocity  is  the 
time  rate  of  angular  motion  about  an  axis  (t  ').  Table  22-10  presents  factors  for  con¬ 
version  among  the  different  units  of  linear  and  angular  velocity.  Ma^.i  number  is  also 
a  measure  of  speed  and  is  defined  as  the  ratio  of  the  given  speed  to  the  speed  of  sound. 

22.10.  Acceleration  (It  *) 

Acceleration  is  the  time  rate  of  change  of  velocity  ii;  speed  or  direction.  Table  22-11 
gives  conversion  factors  for  acceleration.  The  acceleration  of  gravity  of  the  earth  varies 
from  977.9  at  the  equator  at  sea  level  to  983.21  at  the  North  Pole.  Some  other  useful 
values  are  Berlin,  Germany,  981.26;  London,  England,  981.19;  Madison,  Wis.,  980.35; 
New  York,  N.Y  ,  980.23;  San  Francisco,  Calif.,  979  94. 

22.11.  Force  (mlt  *) 

Force  is  usually  defined  in  terms  of  mar 3  and  momentum.  It  is  the  quantity  which 
imparts  a  change  in  momentum  to  a  mass.  Normally  the  famous  equation  f  =  ma  is 
used,  but  a  more  critical  statement  is  f  =  dpldt,  where  p  is  momentum.  This  allows 
for  -  change  in  mass  (4,6).  Conversions  are  given  in  Table  22-12. 

22.12.  Torque  (mPt  *) 

The  torque  about  an  origin  of  a  force  acting  at  a  poin*  he  product  of  the  length  of 
the  line  between  the  point  and  the  origin  and  the  component  of  fo.ce  perpendicular  to 
the  line.  Table  22-13  presents  torque  conversion  factor„. 

22.13.  Pressure  (ml't*) 

Pressure  is  force  per  unit  area.  One  torr  is  the  pressure  of  1  mm  Hg  at  0°C  and 
standard  gravity.  Table  22-14  provides  pressure  conversion  factors. 

22. 14.  Temperature 

Temperature  is  a  measure  of  the  average  translational  kinetic  energy  of  the  molecules 
of  a  substance  The  common  temperature  scales  are  Kelvin,  Celsius  (ce  itigraJe), 
Fahrenheit,  and  Rankine.  The  first  three  are  given  in  Fig.  22-3  in  a  way  that  permits 
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direct  conversion  For  higher  temperatures,  Fig.  22-4  can  be  user!  for  conversion  from 
Kelvin  to  Rankine.  The  governing  equations  are: 


°C  =  |(°F-32)-  °K  -  273 

CF  -  +  32 -°R-- 459.69 

5 

22.15.  Work  and  Energy  (mPt  *) 

Work  is  usually  thought  of  as  force  acting  through  a  distance.  Energy  is  the  capa¬ 
bility  of  doing  work.  Both  have  the  same  dimensions.  Conversions  among  units  are 
given  in  Table  22-15.  (See  also  Table  22-lZJ.)  Energy  conversions  for  the  units  most 
frequently  used  are  given  in  Fig.  22-5.  Spectroscopic  energy  conversions  are  given  in 
Table  22-16,  and  a  detailed  conversion  nomograph  is  given  in  Fig.  22-6.  Tn  the  two 
nomographs,  the  columns  implying  equality  of  energy  with  frequency,  with  wave  num¬ 
ber,  or  with  temperature  are  really  equivalences.  A  dimensional  proportionality  factor 
k  (Planck’s  ixmstant)  is  implied  in  the  one  case  and  112k  'Boltzmann’s  constant)  per 
degree  of  freedom  in  the  other. 

22.16.  Power  (mPt  3) 

Power  is  the  time  rate  at  which  work  is  done.  Table  22-17  contains  various  units  for 
power  and  conversion  factors  among  them. 

22.17.  Electrical  Units 

Table  22-18  provides  conversions  among  several  of  the  common  systems  of  units 
[4-6]  used  in  measuring  electromagnetic  fields,  currents,  electric  power,  etc. 

22.18.  Prefixes 

Some  of  the  useful  decade  prefixes  are  given  in  Table  22-19. 
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Table  22-1  Physical  Constants 


A.  Defined  Values  and  Equivalents 


Meter 

(m) 

1  650  763  ’’S  wavelengths  in  vacuo  ot  the 
unperturbed  transition  2p,o  —  5dj  >n  "Ki 

Kilogram 

fkg) 

mass  of  the  internationc.  kilogram  at 
Sevres,  France 

Second 

(8) 

1/31  556  925.974  7  of  the  tropical  year  at 
12*  ET,  0  January  1900 

Degree  Kelvin 

(UK) 

defined  in  the  thermodynamic  scale  by 
assigning  273.16  °K  to  the  triple  point,  of 
water  (freezing  point,  273.15  °K  =  0  °C) 

Unified  atomic  mass  unit 

(J) 

1/12  the  mass  of  an  atim  of  the  ,3C  nuclide 

Mole 

(moP 

amount  of  substance  containing  same 
number  of  atoms  as  12g  of  pure  l3C 

Standard  acceleration  of  Ace  tall 

(g») 

9,806  65  m  s  *.  980.665  cm  s“* 

Norm-1  atmospheric  pressure 

(atm) 

101  325  N  m  J,  1  013  250  dyn  cm* 

Thermochem'cal  calorie 

(calm) 

4.1S40  J,  4.1840x10*  erg 

International  Steam  Table  calorie 

(cal,r) 

4.1868  J,  4.1868x10*  erg 

Liter 

(1) 

0.001  000  028  m3, 1  G00.028  cm3 
(recommended  by  CIPM,  1950) 

Inch 

(in.) 

0.0254  m,  2.54  i  - 

Pound  iavdp  ) 

(lb) 

0.453  592  37  kg,  453.592  37  g 

B.  Energy  Conversion  Factors 


Conversion 


Formula 

Factor 

Error 

limit 

Systeme 

International 

(MKSA) 

Centimeter-gram-second 

(CGS) 

Electron-volt 

*V 

1.60210 

7 

xlO  '• 

J(eV)-1 

XlO'11  erg  (eV)-1 

Energy  associated  with 

Unified  atomic  mass  unit 

cWe 

9.31478 

15 

10* 

eV  u'1 

101 

eV  u  1 

Proton  mass 

mgAie 

9.38256 

15 

10* 

eV  mp~‘ 

10* 

eV  mg  ' 

Neutron  mass 

mj?!e 

9.39550 

15 

10" 

eV  m„-' 

10* 

cV  m g' 

Electron  mass 

mgA/e 

5.11006 

5 

10s 

eV  m,-' 

103 

{V  mg-' 

Cycle 

elh 

2.41804 

7 

10“ 

Hz(eV)-‘ 

10“ 

s  '(cV)1 

Wavelength 

rhle 

1.23981 

4 

10  * 

eV  m 

10* 

1  eV  cm 

Wave  number 

etch 

8.06575 

23 

103 

m-,(eV)-’ 

103 

cm  ‘(eV)-1 

°K 

elk 

1.16049 

16 

10* 

°K(cV)  ' 

10* 

•TVeV)-1 

i  ■  vvwn#c-»W**VM**  ‘W'lWSWHHft#* 
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Table  22-1  ( Continued ).  Physical  Constants 
C.  Adjusted  Values  of  Constants 


Est.t _ Unil 


Constant 

Symbol 

Va/'t*e 

error 

System  International 

Centimrtergra  m  $ec o>  id 

limit 

iMKSA) 

(COS’ 

Speed  of  light  in  vacuum . 

..  c 

2.997925 

3 

xlO*  m  s  1 

xl0“  cm  s  1 

Elementary  charge . 

..  e 

1.60210 

7 

10  *C 

10  "  err  urgui* 

4.80298 

20 

10  “  cmv,gw,i  >l 

A vogadro  const  jn t . 

..  Na 

6.02252 

28 

10“  mol  ‘ 

10“  mol 

Electron  rest  mass . 

..  mt 

9.1091 

4 

10  "  ig 

10  “g 

5.48597 

9 

It  ■£ 

10  •  u 

Proton  rest  mass . 

..  m? 

1 .67252 

8 

10  "kg 

10  "  g 

1.00727663 

24 

1C«  u 

10*  u 

Neutron  rest  mass .  . 

mn 

1.67482 

8 

10  "  kg 

10  **  g 

1.0086654 

13 

nr  u 

10*  u 

Faraday  constant . 

...  F 

9.64870 

16 

10'  C  mol  '1 

10s  cm''*g‘'*mol  “ 

2.89261 

6 

10“  cm^V'H  ‘mol 

Planck  constant . 

.  h 

6.6256 

6 

10  *  J  s 

10*’  erg  e 

h 

1.06450 

7 

10“  J  s 

10  ,T  erg  a 

Fine  structure  one  tent . 

Q 

7.29720 

10 

10  *  . 

10  * 

l/a 

1.370388 

19 

10*  . 

10* 

a/2ir 

1.161385 

16 

10  >  . 

10  ■ 

a* 

5  32492 

14 

10  •  . 

10  » 

Change  to  mass  ratio  for  electron . 

..  elm. 

1.758796 

19 

10"  C  kg  ' 

10’  em’^g 

5.27274 

6 

10"  cmwg  •»»  't 

Quantum-charge  ratio . 

..  Me 

4.13356 

12 

10  '•  J  sC  1 

10  ’  cm"  g'-’n  '• 

1.37947 

4 

10  "  cm1'1  g‘'*t 

Compton  wavelength  of  electron . 

..  V 

2.42621 

6 

10  '*  m 

10  “cm 

Kef  2ir 

3.86144 

9 

10  “m 

10  "  cm 

Compton  wavelength  of  proton . 

kc,. 

1.32140 

4 

lO  "  m 

10  “  cm 

Ac,  J2 

2.10307 

6 

10  '•  m 

10  “cm 

H.dberg  constant . 

R. 

1.0973731 

3 

10’  tr.  ' 

10*  cm  1 

uohr  radius . . 

a* 

5.29167 

7 

10  "  an 

10  •  cm 

Electron  radius . 

•  •  r. 

2.81777 

11 

10  “  in 

1 0  ■  cm 

H, 

7.9368 

6 

10  "  m’ 

10  “cm* 

Thomson  croea  section . 

8tr,-V3 

6.6616 

6 

10  "m’ 

10  "  cm* 

Gyromagnetic  ratio  of  proton . 

■  ■  y 

2.67519 

2 

10*  rads'T-' 

10*  rads'G1* 

y/2w 

4.25770 

3 

10’  HiT' 

10*  s-'G1* 

(uncorrected  for  diamagnetism, .... 

...  y 

2.67512 

2 

101  rads’T1 

10*  rad  s-'G-'* 

H,0> 

y'iiw 

4.25759 

3 

10'  'liT  1 

10*  s  'G  '* 

Bohr  magneton . 

••  V* 

9.2732 

6 

10“  J  T' 

10-*'  erg  G  '* 

Nuclear  magneton . 

..  Jiff 

5.0606 

4 

10-»'JT-' 

10  “ergG  '• 

Proton  moment . 

1.41049 

13 

10  »JT  ' 

10  “erg  G  '• 

2.79278 

7 

10*  . 

10*  — 

(uncorrected  for  diamagnetism . 

■  ■  mVm» 

2.79288 

7 

10*  . 

10*  — 

H.O) 

Anomalous  electron  moment  oorrn. . . 

•  •  i  -  1 

1.159616 

15 

10  ■  . 

10  *  — 

Zeemttn  splitting  constant . 

..  nelhc 

4.66868 

4 

101  m  'T  ' 

10  •  cm  'G  '* 

Css  consv.  at . 

R 

8.3143 

12 

10*  J'K’r.tol" 

10'  erg  "K  1  mol  1 

N  -:Tna!  voiume  perfect  gas . 

..  Vo 

2.24136 

30 

10_*  m*  mop' 

10*  cm*  mol  1 

BclUm-ann  constant  . 

.  * 

1.38064 

18 

10  **  J  *K  1 

10  “  erg  *K  ' 

First  relation  constant  (Tw/ic*) . 

..  c, 

3  7406 

3 

10  “  W  m’ 

10  r  erg  cm*  s  1 

Sejond  radiation  constant . 

Cl 

1.43879 

19 

10  »  m*K 

10*  cm*K 

displacement  const* at . 

.  6 

2.3978 

4 

10  *  m  *K 

10  '  cm  *K 

So  ..  .i-Boltzmann  cr  ,  «tant . 

.  <T 

5.0697 

29 

10-'  W  m  •  *K  • 

10  1  erg  cm  *  s  1  ’K  “ 

Gravitational  cons  tout . 

G 

6.670 

15 

10  "  N  m1  kg  * 

10  *  dyn  cm'  g  * 

tBased  on  3  standard  deviations,  applied  to  last  digits  in  preceding  column.  C- coulomb 
•Electromagnetic  system.  J -joule 

t  electrostatic  system.  Hi  -  herti 

W  —  watt 
N  — newton 
T— tv»i<i 
G- gauss 


1 

i 

! 
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Table  22-2. 


Lengt:1  Conversions 


m 

cm 

km 

FiM 

A 

in. 

mi) 

l  meter  un* 

1 

1  | 

100 

1  j 

10  = 

10*  ! 

__  _4 

10" 

| 

10" 

39.3700 

3  93700 

x  10* 

i  centimeter  cm)  * 

0  01 

1 

10  * 

1 

10*  I 

i°’ 

10" 

0  39370C  | 

3  93700 

x  10* 

I  kilometer  kmi 

100C 

10* 

i 

10» 

1 

10" 

10" 

3  93700 
x  10* 

3  93700 
x  10' 

1  micrun  i^i  « 

10  • 

10  • 

10 » 

L  :  J 

10> 

10* 

3  93700 
x  10  ' 

3  9370 
x  10  ' 

1  millimicron  * 

10  * 

1  . 

10  r 

10 « 

h  1 

,°.  , 

1 

10 

3  93100 
x  10  • 

39370 
x  10  * 

1  angstrom  (A  or  A)  =  | 

10-“ 

10  ' 

10  ■■ 

! 

10  • 

01 

1 

3  937f>0 
x  10  • 

3.93700 

x  10  • 

1  inch  (in,  1  = 

2  M  -  ’0  * 

2  540005 

I 

2,54  x  10  > 

2.54  x  10*  | 

2  54  ).  10' 

2  54  x  10" 

1 

103 

1  r.  il 

2  54  x  10  * 

r 

,2  54  x  10  ■ 

2  54  x  10  • 

25  400 

2  54  x  10* 

2  54  x  !0" 

10  > 

' 

1 

1  root  ifii 

0  304006 

30  48006 

3  048006 
x  10  • 

'  3  048006 

j  *10*  | 

3048006 
x  10" 

3  048006 

|  ".‘O'  1 

12 

.  . 

1  200 
x  10* 

i  yard  lydl 

0  'U10 

91  440 

9  1440 
x  10  • 

9  ;«40 

.  X  10= 

9  1440 
x  10" 

9. 14x0 
x  10" 

36 

1  3  609 

10" 

1  fathom  ifatni  «■ 

1  1  828804 

182  8804 

>  828804 

X  10  * 

1  1  828804 

U— *  l<r  J 

1  828804 

x  10» 

1  828804 
x  10" 

72 

7.200 
|  x  10* 

1  rod  = 

|  5  0292 

502  92 

5  0292 
x  10  1 

50292 
x  10* 

1  ■ 

5  0292 
x  10" 

5  0292 
x  10" 

198 

1  98000 
x  10" 

1  chain 

\ 

20.1168 

2011  68 

2  01168 
x  10  « 

201168 
x  10' 

2.01166 
x  10" 

201168 
x  10" 

792 

7  92000 
x  10* 

1  link 

0  201163 

20  1168  2  01 168  2C1108 

«  10  *  1  «i0> 

^  once 

x  10* 

2  01168 
x  10" 

7  9200 

7  92000 
x  10* 

1  furlong  (fur) 

20!  *  3 

201 16  8 

0  201168 

2.1  1168 
x  10* 

2  01168 
x  10" 

2  01168 

x  r  ■ 

7920  0 

7  92000 
x  10" 

1  (statute)  milt  1  mu  = 

1  60935 
x  IO’ 

1  60935 
x  10* 

1  60935 

j  1  60935 
x  10* 

1  60935 

x  10" 

1  6093b 
x  10" 

6  3360 
x  10* 

6  3360 

x  10" 

.  ...utioal  mile  »  r  mi'  c 
<  International » 

<152 

1 

8520 
■  10* 

l  8520 

| 

1  H620 
x  10* 

1  8520 
x  10" 

1.8520 
x  1C,J  ! 

7  63r8 

x  10* 

7  6338 
x  nr 

1  light  >ear 

9  4637 
*  10“ 

9  4637 
*  10" 

9  4637 
x  10" 

9  4637 

x  10” 

l 

94637 

x  ’0” 

9  4637 
x  10” 

3  9009 
x  10" 

3  9m. 
x  10' 

1  )«  KH  = 

3  0826  3  0626 

«  10"  >  10" 

3  0826 

3  0826 
x  u>“ 

3  OS  "6 

x  10” 

5  0826 
x  ll/» 

1  2707 
x  10" 

1  2707 
x  10" 

n 


3  280833 


Table  22-2  ( Continued )  Length  Conversions 

yd  fath  rod  chain  link  fur  mi  n  mi  light  yr  parsec 
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Tabu:  22-C.  Equivalents  of  Common  Fractions  of 
Inches  in  Decimals  and  Millimeters 


Common 

Fraction. 

Decimal 

MM 

Common 

Fractions 

Decimal 

MM 

1/64 

0.0156 

0.3969 

33/64 

.5156 

13.0969 

1/32 

0313 

0.7938 

17/32 

0.5313 

13.4938 

3/64 

.0469 

1.1906 

35/64 

.5469 

13.8906 

1/16 

.0625 

1.5875 

9/16 

.5625 

14.2875 

5/6-4 

.0781 

3  9844 

37/64 

.5781 

14.6844 

3/32 

.0933 

2.3813 

19/32 

.5938 

15.0813 

7/64 

.1094 

2.7781 

39/64 

.6094 

15.4781 

1/8 

.125 

3.1720 

5/3 

.625 

15.8750 

9/64 

.1406 

3.5719 

41/64 

.6406 

16.2719 

5/32 

.1563 

3.9688 

21/32 

.6563 

16.6688 

11/64 

.1/19 

4.3656 

43/64 

.6719 

17.0656 

3/16 

,i875 

4.7625 

11/16 

.6875 

17.4625 

13/64 

2031 

5.1594 

45/64 

.7031 

17.8594 

7/32 

.2188 

5.5563 

23/32 

.7188 

18.2563 

15/64 

.2344 

5.9531 

47/64 

.7344 

18.6531 

1/4 

.250 

6.3500 

3/4 

.750 

19.0500 

17/64 

.2656 

6.7469 

49/64 

.7656 

19.4469 

9/32 

.2833 

7.1438 

25/32 

.7813 

19.^438 

19/64 

.2969 

7.5406 

51/64 

.7969 

20.2406 

5/16 

.3125 

7.9375 

13/16 

.9125 

29.6375 

21/64 

.3281 

8.3344 

53/64 

.8281 

21.0344 

11/32 

.3438 

8.7313 

27/32 

.8438 

21.4313 

23/:  4 

.3594 

9.1281 

55/04 

.8594 

21.8281 

O/Q 

O 

.375 

9.5250 

7/8 

.875 

22.2250 

25/64 

.3906 

9.9219 

57/64 

.8906 

22.6219 

13/32 

.4063 

10.3188 

29/o2 

.9063 

23.0188 

27/64 

.4219 

10.7156 

59/64 

.9219 

23.4156 

7/J6 

.4375 

11.1125 

15/J6 

.9375 

23.8125 

29/64 

.4531 

11.5094 

61/64 

.9531 

24.2094 

15/32 

.4688 

11.9063 

31/32 

.9688 

24.6063 

31/64 

.4844 

12.3021 

63/64 

.9844 

25.0031 

1/2 

.500 

12.7000 

1 

1.000 

25.4000 

THER  MEASURES 
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il  cd 


i  DJ 

«  S 

be  m 

£  ® 


o  o  o  o  o 


oi  o  co 
n  n  f- 

00  C"  Tf  f>  t- 

o  c-  mo  io 

H  CO  CO  CO  CD 


£  g  e D  D 

8  e  s  I  a 

®  B.  e  s  s 

*c  *3  *o  .y  y 

S  ffi  S  6  2 
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O) 

l 

<N 

3 

ce 

< 

E- 


00  Id 
>>  >» 
•a  oj 

T3  T5 


U5  CD 
CD  CD 
CO  CO 


e  . 

8  « 

§  >> 

$  S 

S  £ 

<a  aj 

—  •© 


«  c. 
0)  cx 


Table  22-10.  Velocity  Conversions 
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1  poundal  foot  (poundal  ft) 
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Dtgrees  Degrees  Degrees 

Kevin  Centigrade  Fahrenheit 

-t  “T . ”T 


Degrees  Degrees 

Kelvin  Centigrade 


Degrees 
F  <hrenheit 
-148r 


Absolute  q|_ 


-270 F- 
-273  L.16 


°C  •  £  (°F  -  32) 
°K  *  °C  <  273 


-454  I- 

-459  L.69 


Fig  22-3.  Temperature  Scales 
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Fig.  22-4.  High-Temperature 
Conversions  f3] 


Table  22-15.  Work  and  Energy  Conversions  [2,4] 
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ev  ergs  ft  lb 

IO*f 

fO*°r 

O'*  r 

1 

K>4 

10"  r 

-  I0“  ! 

• 

io4 

‘  K>"  r 

.  IO"  ? 

- 

10s 

'  KT  i 

.  S0*fc 

- 

IQ” 

"  10"; 

_  10* 

- 

io17 

r  )06[ 

-  10* 

“ 

10*' 

r  *o"t 

r  »’ 

10” 

r  ioa 

r  »* 

r 

KT 

r  io  ■* 

10* 

E 

10“ 

r  o" 

r  K5* 

r 

K)« 

| 

r  io® 

r  »» 

: 

r 

10*' 

r  io* 

r  10* 

P 

;0*° 

r  io' 

r  101 

i 

r  * 

10" 

r  iot 

r  10° 

r~ 

s 

10" 

r 

r  l0*' 

: 

10 

r 

r  io* 

r  »•* 

r 

10" 

r  io* 

r  K>« 

£ 

; 

\<y 

r  io* 

r  io- 

T 

XT 

r  ios 

r  K)' 

r- 

I0C 

r  SO4 

r 

10' 

x># 

L  10 

_ 

Fio  22-5  Energy  Conversion*  13) 
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In 

kC 

is 

E 

m  2 

CO  a, 

CO  “ 

03 

U 

3 

C 

co  o 

O  t-t 

8* 

«2 

H 

O 

z 

CO 

«5  X 

00  X 

”  X 

w 

CO 

< 

s 

D 

W 

V 

w 

g 

X 

tfl 

Q 

2 

•< 

8. 

u 

§2> 
lO  *“* 

ao  : 

o 
•n*  — 1 

ao  2  s_ 
050  0 

05  — 

03 

0> 

—  X 

M  X 

MX™ 

*3 

o 

>> 

i 

Q 

> 

z 

o 

u 

o 

> 

05  - 

i« 

iTj  " 

o’ 

>• 

0 

c 

5  2 

CN 

f— t 

22 

r— < 

X 

u 

CO  X 

^  X 

-  X 

b? 

2 

w 

a> 

U 

t  -  N 

1 

« 

erg 

O  - 

m  •* 

co  - 

o 

1.SG2 

x  10 

01  x 
39  9 

1.98 
x  10 

as 

H 

o 

il 

II 

il 

ll 

'JU 

a. 

73 

T3 

C 

CO 

•-* 

-«-> 

o 

> 

i 

is 

£ 

c 

o 

u 

8 

3 

C 

US 

03 

O 

ao 

OC 

& 

CJ 

_< 

U 

0» 

3 

u 

*—« 

•-* 

c*5 


a 


Fit;.  22-6.  Spectroscopic  Energy  Conversions 


Table  22-17.  Power  Conversions  [2,4] 
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Table  22-19.  Prefixes 


Multiples  and 
Submultiples 

Prefixes 

Symbols 

10 

deca 

da 

102 

hecto 

h 

103 

kilo 

k 

10' 

10  kilo 

10s 

100  kilo 

10* 

mega 

M 

107 

10  mega 

10* 

100  mega 

!0» 

giga 

G 

10'° 

10  giga 

10" 

100  giga 

i.O'* 

tera 

T 

1013 

10  tera 

10M 

100  tera 

10  1 

deci 

d 

10  * 

centi 

c 

10  3 

milli 

m 

10* 

100  micro 

10-’ 

10  micro 

10« 

micro 

M 

10  7 

100  nano 

10* 

10  nano 

10  » 

nano 

n 

10-,n 

100  pico 

10  " 

10  pico 

10'* 

pioo 

P 

Index 


Abbe  prism,  308 

Abbe  sine  condition,  282,  428 

Abbe  V  number,  403,  409 

Aberrations 

Abbe  V'  number,  4J3,  409 
afocal  systems,  40c 
angular,  381 

s.-etigmatism,  384,  389,  400,  439,  A48 
axK,  364,  389,  400,  404 
Bouwers  system,  446 
catadioptric  system,  448 
chromatic  variations,  386 
correction,  385 
lateral  color,  385,  390 
longitudinal,  384,  389,  400,  404 
off-axis,  385,  390 
refracting  lens,  436 
stop  shift  theory,  404 
transverse,  385,  390 
coma 

calculation,  400 
catadioptnc  system,  448 
description,  382 
ray  tracing,  388 
rim  ray  curve,  387 
spherical  reflector,  438,  439 
stop  shift  theory,  404 
transfer  function,  629,  634 
correction,  385,  406,  570 
distortion 
calculation,  400 
description,  389 
shock  wave,  842 
stop  shift  theory,  404 
transfer  function,  630 
window  induced,  826 
field  curvature,  384 
higher  orders,  309 
image  curvature,  630 
longitudinal,  381.  386 
Pe'—ral  surface,  384,  100,  439,  440 
plane  parallel  Dlate,  4 17 
plo »s,  399 
residual,  386,  407 
Seidel,  382.  630 
spherical 
blur  spot,  435 
Bouwers  system,  446 
calculations,  400 
catadioptric  system,  447 
description,  382.  388 


fifth -order,  633 
longitudinal,  386,  390 
resolution  limits,  414 
rim  ray  curve,  387 
refi  acting  lens,  436 
spherical  reflector,  438 
transfer  function,  629,  631 
transverse,  399 
stop  shift  theory,  404 
symmetrical  principle,  406 
third-order,  399,  402,  404 
transverse,  381,  399 

variations  with  aperture  and  image  size,  385 
wave-front,  616,  630 
wave  theory,  630 
zonal,  386 

Aberration-free  systems,  629 
Abney  grating  mounting,  312 
Absolute  stability,  see  Stability,  absolute 
Absorptance 

approximations  to  band  models 
nonoverlapping  case,  201 
strong-line,  200 
table,  199 
weak-line,  197 
definition,  784 
direc-.ional,  26 
Doppler  coefTic’ent,  196 
Doppler  line  shape,  190 
Doppler  broadening,  1Z' 

Elsassor  rrod.'i 

compared  t  •  statistical  model,  195 
development,  192 
strong-line  approximation,  200 
weak-line  approximation,  198 
weak-line  model,  197 
Lorentz  broadening,  191 
Lorentz  coefficient,  196 
Mayer-Goody  model 

approximations  of  band  sbeorptance,  199 
development,  194 
models,  table,  199 
quasirandom  model 
development,  196 
strong-line  approximation,  201 
weak-line  approximation,  199 
random  Elsasser  model 
development,  196 
strong-line  approximation,  201 
weak-line  approximation,  199 
sing!  .>  spectral  line  with  Lcrentz  shape,  190 
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I- 


i 


V. 
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solar 

ultraviolet,  792 
various  materials,  800 
square  coefficient,  196 
square  root  region,  191 
statistical  model 

approximation  of  band  absorption,  199 
comparison  with  Elsasser  model.  195 
strong-line  approximation,  191 
total,  23 
Absorption 
See  also  A'oscrptaroe 
atrnoephei'c  bai.ds,  238 
nonequiliDrium  conditions,  28 
selective  filters.  286 
wavelengths  of  molecular  greens,  325 
Absorption  coefficient,  189,  i90,  3o3 
Absorptivity 
definition,  784 

measurement  technique^,  796 
ratio  to  emissivity,  7C7,  791,  804 
selected  materials,  805 
Accelerated  lift  test,  detectors,  461 
Acceleration 
conversion  factors,  o/O 
definition,  856 
Acetylene  smoke,  356 
Achromats,  282.  409 
Acquisition,  744-748 

Admiralty  Reoearch  Laborste,  y  black  body  slide 
rule,  17 

Aerial  targets,  see  Targets 

Aerodynamic  condition?.,  827 
/aerodynamic  flow,  optical  influences,  526 
Aerodynamic  heat  transfer,  827,  838 
Aerographic  film,  571,  576 
Aerosols,  141,  208 
Afocal  system,  406,  422 
Afterburners,  60 
Air,  839,  851 
See  also  Atmosphere 
Air  i.'  ass,  97 
Air-to-air  intercept,  744 
A  rglow,  104 
Airy  disc,  410,  440 
Airy  pattern,  616 
Airy  system,  623 
Albedo 

cylindrical  geometry,  135 
definition,  7S5,  812 
hemispheric  geometry,  814 
pi  mar  geometry,  816 
spev-tra)  distribution,  790 
Aiunina,  359,  804 
Aluminum 
alt  ratio,  804 
emissivity,  359 
reflectance,  351 
Aluminum  foil,  77 
Aluminum  paint,  78,  809 
Alum’num-oxygen  group,  325 
Alzac,  354 

AM-FM  disen  minator,  745 


Amici  prism,  308 
Amplifiers 

See  also  Preamplifiers 
feedback,  686 
grounded  cathode,  595 
high-frequency  response,  595 
low-noise,  597 
Miller  effect,  595 
noise  sources,  584 
power  mpply,  597 
transi:  tors 
bias  point,  598 
bias  stabilization,  598 
circuits,  602 
held-e  fleet,  606 
•unction,  shot  noise,  586 
low-noise,  606 
noise,  597,  599,  602 
planar,  608 
silicon,  601 
stability,  598 
transformer  coupling,  604 
vacuum  tube,  592 
very  high  impedance,  5% 

Amplitude,  complex,  615 
Anamorphic  systems,  424 
Angle 

conversion  factors,  865 
definition,  855 
Angular  aberrations,  381 
Angular  dependence  of  reflectivity,  793 
Anode  current  fluct  uations,  585 
Antimony,  805 

Apertures,  see  Detectors;  Filters;  Optics 
Aplanatic  lenses,  380,  427,  4J4 
Aplanatic  surfaces,  427 
Apodization,  G36 
Luneberg  theorem,  621 
Area,  855 
Argon,  179 

Arr  -nic- modified  selenium  glass,  321 
Arsenic  trisulfide,  282,  294 
Artificial  sources,  32 
Asphalt,  83,  89 
rtiphenc  surfaces,  385,  402 
Astigmatism,  384-389,  400,  439,  448 
Astronomical  data,  794 
Astronomical  telescope,  422 
Atmosphere 

See  also  Backgrounds,  sky;  Stratosphere 
absorption,  178,  189,  237,  266 
carbon  dioxide,  180,  238 
carbon  monoxide,  2  <9 
composition.  179 
density,  177 

Loren iz  broadening,  178,  189 

methane,  250 

nitrogen,  1 78 

nitrous  oxide,  246 

oxygen,  178 

ozone,  185 

particles,  187 


i 

i 
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press  re,  189 
radiation,  97,  737 
scattering,  203 
scintillatior ,  210 

See  also  Stars,  steliar  scinti.I.ition 
solar  spectrum  measurements,  227 
spatial  filtering,  737 
temperature,  96,  177 
transmission,  252,  737 
water  vapor,  181,  244 
Aurora,  101 

Autocorrelation  function,  649,  726 

Azimuth  coverage,  738 

Axial  chromatic  abet  ration,  384,  404 

Axial  cone,  377 

Axis  of  symmetry,  844 

Back  focus,  375 
Backgrounds 
See  also  Terrain 
discnmi, lotion,  732,  744 
eirth,  1 15 
(luetiihuona,  730 
.uarine,  166 

radiation,  737-739,  752,  826 
radiation  noise-limited  system,  752 
sky,  96,  143 
See  also  Clouds 
stellar  radiation,  107 
temperature,  462 

Background-limited  D*-Q  trade- of,  753 
Baffles,  379,  442 
Baird-Atom’f-  filters,  299 
Bands,  see  Spectra!  bands  and  lines 
Bandpass  interference  filters,  290 
Bandwidth,  spectral,  763 
Bang-bang  systems,  715 
Barium  fluoride,  294 

Barnes  Engineering  Co.  catadiopt.ric  systems, 
285,  286 

Barnes  Engineering  Go,  nitrogen  pressure  gen¬ 
erator.  530 

Barr  and  Stroud  glass  321 

Base  width  <3W)  filters,  287 

Basic  period  filters,  29C 

Bausch  and  Lomb  filters,  299 

Bausch  ann  Lomb  glass,  321 

Beryllium,  S05 

Beasei  function,  648 

Beutler  radius  gioting  mounting,  312 

Bias.  5C2 

Bias  x>irit,  transistors,  798 
Bilayer,  fictitious,  292 
Bilinear  transformation  analysis,  702 
Birefnngent  crystals,  298 
Blacks,  359-364 
Black  enamel,  emissivity,  359 
Blackbodies 
cavity  sources,  51 
curv<.r  17 

detecti*’.‘y,  466,  467 
emittancc-  detectors,  501 
gold  point,  '-a 


KirrhhcfTa  :aw,  9 

NBS  standard*,  38 

notse  equivalent  power,  detectors,  46 

Planck’s  function,  795 

quant  ,  mi  rates,  10 

radiance,  96 

reference,  761 

respori&ivity,  detectors,  464 

simulator,  32 

slide  rules,  1 1 

tables,  21 

240014,  47 

vertical,  45 

Blackened  chopper,  760 
Blazed  diffraction  gratings,  310 
Block  blackbody  slide  rule,  il 
Blocking  filters,  291 
Blur  spot,  435,  452 
Bode  diagrams,  667 

Bode  method  of  linear  systems  analysis,  668, 678 
Boil,  210 

Bolometric  detectors,  459,  497,  493 
Boron  nitride,  emissivity,  369 
Boundary-layer  flow,  170,  828,  831,  846,  848 
Bouwers-Maksutov  optical  system,  285,  445 
Boxcar  circuits,  696 
Brick,  daytime  radiance.  146 
Broadband  transformer,  604 

Cadmium,  805 

Cadmium-germanium  detector.,  491 
Calcium  aluminate  glass,  317,  321 
Calcium  fluoride 
prisms,  309 

reflection  coefficient,  298 
substrate,  294 

Canonic  form,  differential  equations,  704 
Cape,  auroral,  101 
Capacitance  impact  effects,  592 
Carbon  arc  source,  49 

Carbon-chlorine  group,  abeoiption  wavelengths, 
325 

Carbon  dioxide 

atmospheric  absorption  bands,  238,  239,  240. 
242,  243 

atmoepheric  composition,  179,  180,  181 
exchange  cycle,  180 
Carbon-hydrogen  group,  absorption 
wavelengths,  325 

Carbon-oxygen  group,  absorption  vavelength, 
325 

Carbon  filaments,  38 
Carbon  monoxide 

atmospheric  absorption,  249 
atmoepheric  distribution,  179,  187 
Carbonyl  group,  absorption  wavelength,  325 
Cascaded  optical  systems,  626 
Cascaded  thermoelectric  cooling  systems,  525 
Cascode  connection,  preamplifiers,  608 
Cassegrain  radiometers,  762 
Cassegrain  telescope,  442 
Catadioptric  systems,  285,  443  624 
Cavities,  32,  51 
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Celestial  sphere.  785 
Cell  bias,  detectors,  502 
Ceeium  bromide  prisms,  297,  309 
Cesium  dioxide  film,  295 
C<isium  fluoride  film,  295 
Cesium  iodide,  prisms,  399 
Chi  loss  law,  585 
Chiolite  film,  295 
Choppers,  759,  760 
Chopping  system,  759 
Christiansen  filters,  295 
Christiansen  wavelengths,  29G 
Chromatic  aberration,  384-390,  400.  404,  436, 
446-446 
Chromium,  805 

Circular  aperture  filters,  654,  655 

Circular  apertures,  616-616,  C24,  630 

Circular  scan,  736 

Circular -sectored  reticles,  653,  655 

Cirrus  clouds,  99,  122 

Clamping  circuits,  69S 

Claude  cycle  analyris  program,  545 

Clot  plot,  aberrations,  388 

Closed-loop  describing  function,  708 

Cloeed-locp  transfer  function,  722 

Clouds 

altitudes,  118 
cirrus,  99,  122 
cover,  119,  124,  737 
mfrrred  transmission,  258 
meteorology,  118 
nacreous,  124 
noctilucent.  124 
stratospheric,  124 
top,  122 

Coal  tar  pi*ch,  reflectance  of,  84 

Coarse  grain  film,  572 

Cobalt,  805 

Codit  silver  paint,  90 

Coddington’s  equations,  3S2-395 

Coherent  illumination,  626 

Cold  junction,  heat  bounce  at,  550 

Cold  trap,  533 

Color  reversal  film,  571 

Colored  glass  filters,  306 

Oolumbium,  805 

Collimator,  440 

Coma,  400  404,  629  634,  382-389 
Commutative  oondicion,  614 
Compensation 
high-frequency,  £30 
image  motion,  755 
singular  points,  723 
Compiex  amplitude,  615 
Computers,  394,  640 
Concave  diffraction  gratings,  310-311 
Concrete,  88-92,  149-156 
Condensers,  optical,  424-430 
Conductance,  786 
Conduction 
definition,  785 
thermal  joint.  786 

Conductivity,  normal,  of  optical  materials,  331 


Cone,  aperture,  o77 
C one  condensers,  427,  430 
Comes  1  lenses,  843 
Conjugate  functions,  647 
Conrady  G  sums,  341 , 403 
Constant  deviation  prism,  308 
Contact  conductance,  786 
Contours 
a-plane,  673 
sensitivity,  510 
Contrast  ratio,  623 
Control  systems 
asymptotic  stability,  70a 
block  diagram,  667 
design,  718,  727 
feedback,  662 
integral  control,  721 
linear  systems,  662 
nonlinear  systems,  703 
ramp  inputs,  672,  687,  690,  694 
sampled-data  system,  695 
Conversion  factors 
acceleration,  870 
angles,  865 
density,  867 
elsctrical  units,  880 
energy,  855,  858,  875 
force,  871 
length,  860 
mass,  866 
power,  879 
pressure,  872 
ranges,  863 

spectroscopic  energy,  878 

temperature,  873 

time,  868 

torque,  371 

velocity,  869 

velum?,  864 

work,  875 

Corn,  olutional  integral,  621,  6-46 
Coolers,  See  Petectors,  cooling  systems 
Copper 

Cu-Cu»0  detectors,  472 
G<  Cu  detectors,  490 
reflectance,  351 

thermal  radiation  properties,  805 
Comer  cube  mirror,  773 
Coming  glass,  317,  318,  322 
Correlation  quality,  638 
Corrugated  metal,  93 
Cotton,  reflectance  of,  76 
Coupling,  transistor- transformer,  604 
Crow-correlation  function,  726 
C  ossover  frequency,  215,  664 
Cryogenic  data,  521 
C  -yolite,  295 
Cryostat  coolers,  623,  532 
Crystals,  birefringei.t,  298 
Cube  mirror,  comer,  472 
Curvature 
field.  384  389,  404 
image,  630 
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Petzval,  385,  439-441/ 

Cutof?'  slope,  filter,  287 
Cutoff  v/pne'ength,  b>ter,  287,  i68 
Cutor  ri'.o'x,-,  filter,  287 
Cut'-'i  length,  filter,  287 

D*,  see  Detectivity 

D*-Q  tradeoff,  753 

D**,  see  Detectivity 

Data  enumeration.  "0 

Date  function,  equivalent  continuous,  697 

Day  airgljw,  106 

Decimal  equivalents  of  common  fractions,  862 
Decoy  discrimination,  744 
Deep  space  probes,  811 
Defect,  fidelity,  637 
Dcrmitio  >,  optics,  410 
Def  cusing  coefficient,  387,  618,  630,  632 
t  srees,  radian  equivalents,  865 
Delta  function,  Dirac,  648,  662 
Demodulation  process,  745 
Density 
definition,  856 
conversion  factors,  867 
flux,  730 

photographic  film,  573 
Depth  of  field,  380 
Depth  of  focus,  380 
Describing  function,  706-708 
Detection 
definition,  738 
probability.  738,  740 
range,  739 
synchronous.  610 
Effective  quantum  efficiency,  462 
Detectivity 
blackbody,  466 
cutoff  wavelength,  468 
blackbody  D*.  467 
detective  quantum  efficiency.  468 
maximized  D*,  467 
peak  wavelength,  467 
photon-noise  derivation.  513 
spectra!,  466 
spectral  D*,  467 
spectral  l)**,  467 
system  design  considerations,  515 
theoretical  limit,  512 
Detector-noise-limited  system,  751 
Detectors 

See  also  Detectivity 
accelerated  lile  test,  461 
acceleration  specifications,  161 
apertures.  459 
array,  755 
cooling  systems 
design  criteria,  522 
dewars,  559 
direct  contact,  523,  526 
expansion  engine  cooliru  syst?nu»,  523, 
545 

Joule- Thomson  (cryostat),  523,  532 
limitations  of  fluid  cooling,  520 


temperature  rtinges,  525 
thermoelectric  (Peltier)  coolers,  523,  546 
cruciform,  747 
Ou-CujO,  472 
data  enumeratit  n,  460 
dewar  flask,  45S 
front  end  description,  7  47 
GaAs,  471 

Ge:AuSb  (n-typ;),  488 

Ge:AuSh  (p-type),  489 

Ge:Cd,  491 

Ge:Cu:  490 

Ge:Hg,  492 

Ge-Si:Au  496 

Ge-Si.Zn,  495 

Ge:Zn,  493 

Golay,  772 

HgTe,  494 

InAs,  481,  482 

InSb,  484-487 

(nSh  bolomete-s,  497 

PbS,  474-476 

Pb.Se,  477-479 

PbTe,  480,  835 

noise,  464,  588 

parameters,  459,  462 

photodetectors,  458 

radiation  trmsd  icer,  458 

saturation,  333 

Si,  473 

symbols  arid  units,  459 
system,  multiple,  753 
Te,  483 

test  Drocedures 

frequency  response.  504 
NEP,  determination  of,  501 
noise  spectrum,  510 
optimum  bias,  502 
pulse  response,  505 
sensitivity  contours,  510 
spec  tral  response,  508 
spinning  mirror  technique.  506 
'  ime  constant,  504 
thermal 

Golay  cells,  458,  459,  500 
thermistors  (bolometric),  458,  497,  498 
thermocouples  (thermo-  oltaic),  458,  459, 
499 

thermopiles  (therrnovoltaic),  458,  459 
time  constant,  504 
vacuum  environment,  461 
windows,  359 
Deuterium,  520 
Deviating  prisms,  308 
Dew  point,  184 
Dev  ars,  459,  557 

Dielectric  constants,  optica!  materials,  329 
Differential  equation,  canonic  form,  704 
Diffraction.  See  Optics,  diffraction  theory 
Diffraction  integra  ,  Kirchhoff,  635 
Diffraction  gratings,  309-312,  763-772 
Diffracti-M  limitation  of  optical  svste  .i,  440 
Diffraction-limited  systems,  448 
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Diffraction  pattern,  411,  635 
Dimensionless  v/ave  number,  283 
Diode,  space-change- limited,  586 
Dirac  delta  function,  648 
Direct-contact  cooling  systems,  522,  526 
Direct-ratio  spectrophotometer,  776 
Directional  abeorptonce,  26 
Directional  emissivity,  23,  26 
Directional  emittance,  785 
Directional  reflectance,  2:1  26 
Directional  reflectivity,  80-93,  793 
Discrimination,  732,  737 
decoys,  744 

Discriminator,  AM  and  FM,  745 
Disc,  Airy,  410,  440 
Dispersing  elements,  763 
Dispersing  prisms,  309 
Dispersion 

angular,  of  thin  lenses,  340,  404 
Herzberger  equation,  33? 
optical  materials,  328 
equation,  335 
power,  339 
refractive  index,  338 
partial,  403 
reciprocal,  403 

Displacement  error,  systems,  663 
Displacement  input,  linear  systems,  689 
Displacement  law,  Wien,  10 
Displacer  piston  expander,  544,  54 f 
Distance  measures,  863 
Distortion,  384-38V  400-404,  630,  826,  8-12 
Distribution 
albedo  radiation,  790 
atmospheric  constituents,  181 
illuminance,  624 
innerloop  gain,  725 
Poisson .  585 
spectral,  7o\ 
stellar  radiation,  110 
Diurnal  variation 
atmospheric  scintillation,  223,  226 
radiance  of  concrete,  149 
radiance  of  gr.us,  143 
radiance  of  backgrounds,  144 
Domain 
frequency,  637 
spatial,  623 
of  linear  systems,  614 
spatial  equency,  628 
Doppler  coefficient,  196 

Doppler  effect  on  Lorents  broadening  of  spectral 
lines,  189 

Doppler  half-width,  190 
Doppler  line  shape,  190 
Double  monochromators,  765 
Double- beam  optical  null  spectrophotometer, 
775 

Double-beam  photometer,  772 
Double-pass  spectrometer,  771 
Double-pass  system,  monochromator,  773 
Dove  prism,  308 
Drag  penalty,  827 


Drift,  radiometer,  759 

Droplets,  atmospheric,  188 

Dupont  Flat  Black  paint,  emittance,  356 

Dwell  time,  730,  734,  739,  752 

Dyed-plastic  filters,  307 

Dynamic  tranaconductance,  586 

Dynast  1  glass,  318 

Eagle  grating  mounting,  312 
Earth 

as  a  background,  115 
astronomical  data,  794 
emissive  power  curve,  790 
shine,  785 

spectral  emissive  power  curve,  790 
Eastman  Kodak  Co. 
film  and  plates,  571-580 
filters,  299,  575,  580 
lenses,  282 
NOD  18  black,  359 
Ebanol,  805 

Ebert-F&atie  plane  grating  mountings,  311 
Ecliptic,  785 

Effective  optical  thickness,  294 
Effective  power,  radiometers,  763 
Ektachrome,  Aero  film,  571 
Eikonal  (wave-front  aberration),  616 
Electrical  units 
conversion  fa-- tors,  880 
definition,  857 

Elevation  angle,  ocean  spectral  radiance,  169 
Elsasaer  me  del,  192-200 
Emissaries,  See  Emissivity 
Emission 

atmospheric  constituents,  98 
exhaust  gases,  67 
ozone,  96 
sky,  96 
targets,  70 
Emissivity 
alumir..  804 
cavities,  32 
chequer  mirror,  760 
defin>  ion,  784 
DeVos  method,  33 
directional,  26 
Globars,  369 
Gouffc  method,  32 
hemispheric,  793 
Kirchhoff’s  law,  9 
materials,  359,  800,  805 
measurement  techniques,  796 
NBS  comparison  standards,  44 
r.onequilibrium  condition,  28 
normal,  795 

partially  transparent  bodies,  23,  349 
radiant,  74 

ratio  to  absorptivity,  787,  791,  804 

Sparrow  method.  37 

terrain,  75,  142 

total,  28 

water,  167 

windows,  827,  835 
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Emittance 
blacks,  362,  356 
definition,  764 
radiant,  23 
total,  765 

Emulsion,  infraied,  570 
Enamel 
black  359 
Chinese  red,  80 
white,  359 

Endless  checkerboard,  651,  654-655 
Energy 

conservation  of,  27 
conversion  factors,  855,  858.  875 
definition,  856 
distribution,  410 
i  ermi,  544 
Engelhard  glass,  318 
Entrance  aperture,  flux  density,  730 
Entrance  pupil,  377,  379,  733 
Entrance  slit,  monochromator,  766 
Episcotister,  653 

Epoxy-type  molding  oompound,  357 

Equatorial  inclination,  785 

Equilibrium  constant,  66 

Equivalent,  Thevenis,  590 

Equivalent  continuous  data  functiona,  697 

Equivalent  layer,  Herpin,  293 

Equivalent  power  detectors,  466 

Equivalent  noise  voltage,  607 

Equivalents  of  common  fractions,  decimal,  862 

Erectors  (optical  systems),  424 

Errors 

acceleration,  linear  systems,  663 
control  methods,  721 
displacement,  lineai  system,  663 
generation,  tracking  systems,  750 
modulation  techniques,  744 
rate,  linear  systems,  663 
Error  plus  error-rate  system,  714 
Ester  group,  absorption  wavelength,  325 
Eurasian  land  mass,  122 
Exhausts,  59-67 
Exit  heating,  rockets,  66 
Exit  pupils,  377 

ExDansion,  thermal,  of  iptica'  materials,  332 
Expansion-engine  cooling  systems 
characteristics,  523 
commercially  available,  641 
displacer  piston  expander,  544,  545 
Gilford-McMahon  piston  expander,  540 
turbine  expander*,  544,  545 
Exposure,  films  and  plates,  573 
Exposure  meters,  570 
Extinction  coefficient ,  351 


f  number,  379,  429 

Fabrics,  reflectance,  76 

Fabrv-Perot  interferometer,  2^,  778-781 

Farrand  Optical  Co.  filters,  299 

Feedback,  negative,  593 

Feedback  amplifiers,  686 


Feedback  control  system,  662 
Fermi  energy,  544 
r'E-T  preamplifier  design,  608 
Fidelity  defect,  637 
Field,  depth  of.  380 
Field  curvature,  384-339,  404 
F'ield-eft’ect  transistors,  606 
Field  lens,  424-429 
Field  of  flow  refraction,  839 
Field  of  view,  instantaneous,  mapping  *yst€.T>, 
734,  729.  745 
Field  stop,  378 

Fifth-order  aberrations,  382,  333 
Figure-of-merit,  cooling  systems,  548 
Films  and  plates 
aberration  correction,  570 
aerogTaphic,  571,  576 
characteristic  curves,  573 
coarse  grain,  572 
color  reversal.  571 
density,  573 

Ektachro,  le  Aerofilm,  671 
c- 'pcs are,  j"3 

extremely  iiigh-contrast,  572 
H  and  D  curves,  573 
high  contrast,  571 
high-speed,  571,  575,  579,  580 
infrared,  571-580 
medium  contrast,  572 
reciprocity  characteristics,  574 
relative  visibility  curve,  573 
sensitometric  characteristics,  573 
spectral  sensitivity,  574 
spectroscopic,  572-579 
Filtering,  spat'll,  646,  737 
Filters, 

absorption,  306 
absentee  layers,  288 
angle  shift,  2X> 
background  region,  287 
biiefringent,  298 
blocking,  291 

characteristic  admittance,  293 
Christiansen,  295 
circular  aperture,  654-655 
circular-sectioned  reticles,  655 
commercially  available,  299 
dyed-plastic,  207 
film  materials..  295 
fised-fieid,  moving  reticle,  650 
Fourier  transforms,  654 
infinite  checkerboard  reticle,  654-656 
infinite  parallel-spoke  reticle,  654 
inter  fere  .ice 

analogies  with  transmission-line  theory, 
293 

angle  of  incidence,  293,  350 
bandpass,  2S0 
cherscterit-tic  matrix,  291 
d»s.  .iption,  236 
effecti'’e  optical  thickness.  294 
fictitious  hilsyer,  292 
f  lms,  29-4 
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filter  matrix,  291 
Herpin  equivalent  layer,  293 
iong-wavepass,  290 
narrowband,  29i 
polarization,  293 
short  wavepaas,  290 
spike,  292 

square-band,  291-292 
substrates,  294 
terminology,  286,  238 
line  adnii'i.JTi-ri,  293 
moving-re.  .  v  fixed  field,  650 
mcving-r*i.  :cl  scanning-field,  652 
narrow,  radion.  •  •  use.  763 
plastic.  306 

rectangul  .r  up  rture,  654-655 
scti’ining-apeiture  apace,  650 
scanning-field,  moving  reticle,  652 
selective  reflection,  297 
selective  retraction,  298 
sintered  metal,  533 
spatio-temporal  output,  649 
spectral,  moi.ochrir  .  itore,  766 
substrate  materials,  234 
terminology,  286 
transmittances.  574,  580 
First-derivative  control  methods,  721 
First-order  aberrations,  382 
First-order  optics,  371 
FirBt-order  high-reflectance  zone,  288 
Fish  S'  -in-man  Co>-p.  filtere,  299 
Fixed  id,  moving-reticle  space  filters,  650 
Flame-temperature  spectrometer,  772 
Flex-o-lite  beaded  paint,  92 
Flicker  current  noise,  586 
Flow,  boundary- layer,  see  laminar  flow;  Sep¬ 
arated  flow;  Turbnlenr.  flow 
Fluid  cooling  systems,  520 
Fiuorite,  39 
Flux,  meteoric,  793 
Flux  density,  730 
FM-AM  discrimination,  745 
Focal  length,  e^ect  of  shock  wave,  844 
Focal  plane,  pa- axial,  386 
Focal  point.  371 
Focus 
back,  375 
depth  of,  320 
paraxial,  634 
plane  of  best,  638 
sagittal,  384 
Fog,  188,  207.  211 
Folded  optical  systems,  442 
Force 

conversion  factors,  371 
definition,  856 
Fore  prism,  766 
Folded  reflector,  441 
Four-element  echromat,  284 
Fourier  approach  1  cascaded  system),  627 
Fourier  transforms,  614,  621-622,  646-652 
Fractions  decimal  equivalents,  862 
Fraunhofer  lines,  227 


Freunhofer  plane,  616 
Fraunhofer  receiving  plane,  619 
.  Vee  filter  range,  287  290 
Frequency 
cns  iover,  2i5,  66-4 
spatial,  626 

Frequency  domair.  637 

Frequency  filtering,  737 

Frequency  response,  see  Response,  frequency 

Frequency  shifting,  space,  646 

Fror.t-end  description,  747 

bi-us t  point,  184 

Fuels,  high-energy  so'id,  67 

Fused  silicate  glass,  317 

G  sums,  Conrady,  341,  403 
Gain 

adjustment  design  metliods,  715 
distribution,  inner-loop,  725 
margin,  664 
system 

Galactic  rentr.-tion  of  stars,  1(4) 

Galilean  telesccpe,  422 
Gallium  araenide 
detector,  471 
reflection  coefficient,  297 
transmission  324 
Gallium  antimo  iide 
reflection  coefficient,  £97 
transmission.  324 

Gallium  phospl  ide,  transmission.  324 
Gas-supply  cool  ng  systems,  532 
Gases,  liquefied,  520 
Gau&sien  equation,  372 
Gaussian  optics,  371 
Gaussian  probability,  740 
Gauss;  in  quadrature  method,  631,  633 
General  Electric  Co. 
blackbody  slide  rule,  11 
glass,  316,  321 

Generation-recombination  noise,  470,  587 
Geometry 

cylindrical  of  albedo,  815 
hemispheric,  albedo,  814 
incident  be:.m,  25 
planar,  albedo,  816 
planetary  thermal  radiation,  817 
problem,  in  systems  design,  737 
projected  solid  angle,  24 
radiation,  22 
scattering  angle,  117 
sea-surface,  168 
Gennanate  glass,  321 
Germanium 
filter  film,  295 
filter  use,  294 
detectors 

Gc:AuSb  (n-tyoe),  488 
Ge:AuSb  (p- type),  489 
G»Cd,  491 
Ge:<;o. 

Ge:Hg,  491 
Ge-Si:Au.  496 
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Ge-Si:Zn,  495 
Ge:Zn,  493 
leri&sa,  282 

aemiconductoi-  properties,  324 
Germanium  mcnuxide,  352 
Germanium-oxygen  group,  325 
Gifforo -McMahon  piston  expander.  540 
Gladstone-Dale  constan  839 
Glare  stops,  379 
Glass 

arsenic  trisulfide,  294 
calcium  aluminate 
index  of  refraction,  323 
description,  317 
transmission,  323 
types,  321 
colored  filters,  306 
Coming,  No.  186SJ,  317,  318,  322 
filter  use,  294 
fused  silicate.  317 
fused  quartz,  317 
General  Electric  Co.,  321 
germanate.  321, 322 
high-silica-description,  3i7,  3l8 
lead  silicate,  318 
lenses,  282 
’  7  F998, 321 
•onoxide,  321 
silicate,  321 
suppliers,  318 

thermal  radiation  properties,  805 
Vycor,  317 
Global  stab'iity,  704 
Globar  source,  48,  35S 
Golay  ce’ls,  458,  500 
Golay  detectors,  772 
Gold 

Ge.AuSb  (n-type)  detectors,  488 
Ge:AuSb  (ptype)  detectors,  489 
Ge-Si:Au  detectors,  496 
reflectance,  79,  351,  80f 
Gold  black,  359 
Gold  paint,  79 
Gold  point  klackbodies,  44 
Gouf.e  method  of  calculating  emissivity,  32 
Gradient  methods  of  optical  design,  409 
Craphite,  806 

Grass,  daytime  radiance,  146,  164,  157 
Grating  spectrometers,  766 
Gratings,  309-312,  763-772 
concave  mountings,  311 
Grazing  incidence,  312 
Great  circle  arc,  115 
Gregorian  telescope,  442 
Grey  bodies,  70 

Grounded-cathode  amplifiers,  595 
Grounding  techniques,  61'i 

HAD  curves,  573 
HAL  layers,  288 
Half-width 
filters,  287 
spectral  lines,  189 


Hardness,  optical  materials,  333 
Heat  balance  at  cold  junction,  550 
Hazes,  188,  207,  211 
HeM 

See  alto  Temperature;  headings  beginning 
Thermal 
flow,  786 
flux,  solar,  811 
load,  of  cooling  systems,  521 
pumping,  550 
spacecraft,  68 
specific,  333 
transfer 

aerodynamic,  827 
si  \t  plate, 
to  hemisphere,  829 
radiant,  787 
radiation,  828 
separated  flow,  838 
wall  temperature,  829 
transfer  coefficient 
definition,  827 
fiat  plate,  828 
w.skes,  839 

Heat-energy  balance,  73 
Helium,  179,  520 

Helmholtz's  reciprocity  chporem,  24,  27 

Hemispherical  emissivity,  793 

Hemispherical  unittance.  785 

Hemispherical  heat  transfer  829 

Hemispherical  immersion  lens,  433 

Hemispherical  integration,  25 

Hem  spherical  shock-wave,  846 

Heraeus  glass,  318 

Herptn  equivalent,  290,  293 

Herzlierger  dispersion  equation,  337 

High-contrast  film,  571 

High  frequency  compensation,  690 

High-  frequency  response  amplifier,  595 

High-intensity  sources,  49 

High-order  aberrations,  399 

High-silica  glass,  318 

High  source  impedance,  590 

High-speed  flight,  826 

High-speed  infrared  film,  671.  575,  579,  580 

High-reflectance  zone  filters,  288,  290 

Holding  circuits,  696 

Homogeneous  paths,  263 

Horizcn,  143,  737 

Horizontal  paths.  252,  263,  266 

Humidity,  97 

detector  requirements,  461 
Hydrogen,  atmospheric,  179 
Hydrogen  deuteride,  520 
Hydroxyl  group,  325 
Hypersensitizing,  570 
Hypocycloid  scan,  736 

ice  crystals,  122 

Ideal  generator,  noise  power,  688 
Illuminance 
definition,  6  5 
distribution  624 
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ratio,  61 5 

Illumination,  coherent,  626 
Image 
blur,  386 
spot  size,  449 
boil,  212 
contrast,  543 
curvature,  €30 
dancing,  849 

enlargement  (atmospheric  scintillation)  213 

motion  compensation,  756 

nutation,  747 

size  aberrations,  38 o 

spot  size,  41C 

Immersion  lenses,  427,  433-4 
Impedance 

amplifier,  very  high,  596 
detectors,  462 
high  source,  590 
matching,  293 

matching  circuit,  detectors,  502 
open-circuit,  filters,  293 
short-circuit,  filters,  293 
source,  609 
os  noise,  598 
Impulte  response,  314 
In-line  spectrome'  ir,  774 
Incidence,  angle  of,  *93.  350 
Incident  beam  geometry,  25 
Incident  radiance,  27 
Incident  radiation 
albedo,  813 
planetary,  819 
solar,  813 
total,  space,  821 
Inclination 
equatorial,  785 
planetary,  786 
Incoherent  light,  621 
Inconel,  359,  806 
Inconel-X,  800 
Index  of  refraction 
air,  839 

boundary-layer  effects,  847 
calcium  aluminate  glass,  323 
Coming  No.  9752  glass,  322 
dispersion  values  of  optical  materials,  338 
NBS  F998  glass,  321 
optical  materials,  328 
shock-wave  effect,  844 
water,  167 
Indium  antimonide 
bolometers,  497 
detectors,  484-487 
reflection  coefficient,  297 
semiconductor  properties,  324 
ludium  arsenide 
detectov,  481,  482 
reflection  coefficient,  297 
transmission,  324 
Indium  phosphide 
reflection  coefficient,  297 
transmission,  324 


Infrared  systems  design 
general  procedures,  730 
gross  analysis,  730 
mapping  systems,  750 
optical  systems,  732 
scanning  dynamics,  734 
search  system,  737 
sensitivity  calculation,  731 
tracking  system  design,  743 
Inner  loop  gain  distribution,  725 
Input 

control,  721 
displacement,  689 
noise  equivalent,  731,  740,  753 
parabolic,  €91 
ramp,  672.  587,  690,  694 
672,  589.  693 

Insolation,  see  Radiation,  solar 
Instantaneous  fields  of  view,  739 
Insulating  material*,  521 
Insulatom,  properties,  522 
Integral,  convolution,  621 
Integral  coolers,  529 
Integration  time,  745 
Intercept,  air-to-air,  744 
Interchangeable  gratirgs,  771 
Interchangeable  prisms,  721 
Interference  filters,  286-294 
Interference  fringes,  781 
Interferometer-spectrometer,  774 
Interferometers 
Fabry  Perot,  290,  778,  781 
spherical,  779 

Lummer-Gehrcke  plate,  779 
Michclson,  777 
Rayleigh,  776 
spectral  transmittance,  780 
Twyman-Green,  777 
Invariance,  spatial,  C21 
Invariant,  Lagrangian,  433 
Inverse-Nvquist  method,  677 
Inverse  ^-transforms  698 
Inverting  prism,  309 
Iridium,  806 
Iron,  806 
Iron  oxide 
e mi ttar.ee,  362 
paint  87 
Irradiance 
celestial  bodies,  112 
definition,  784 
NBS  standards,  40 
optical  systems,  380 
visual  magnitude,  114 
Irtran,  282,  294,  326 
Isoplaretk  region,  621 
Iroplanatic  systems,  614 

James-Weics  stability  criterion,  3'.  2 
Jet  propulsion  systems,  see  Rocket  and  jet  pro¬ 
pulsion  systems 
Johnson  noise,  469 
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Johnson  solar  spectral  curve,  789 
Joint,  thermal,  conduction  at,  786 
Joule-Tho.naon  cooling  systems  523,  532 
Junction,  cold,  550 
Junction  tranrirtov,  shot  noise,  586 
Jupiter,  794 


K-Monel,  8C4 
hcl-F,  326 

K’rchhoff  diffraction  integral,  635 
Kirchhoff  diffraction  theory,  615 
Kirchhoff’s  law,  9,  27,  72,  795 
KftS-5  prisms,  309 
Krylon  flat  black  paint,  362,  809 
Krypton,  179 


Lacquer,  359 

Lagrangian  invariant,  373,  433 
Lambertian  sources,  22 
Lambert’s  law,  70,  795 
Laminar  flow,  828 
Lamps,  40,  41,  49,  6i3 
Lamp  black,  359 

Lateral  chromatic  aberration,  390-400 
Lateral  magnification,  373 
Layers 
filters 

absentee,  288 
H&L,  288 

Herpin  equivalent,  293 
single,  reflection  and  transmission,  348 
lead,  806 

Lead  sclenide  detectors,  477,  478,  479 
Lead  silica ;«  glass,  318 
Lead  sulfid.  uetcctorv  474,  475,  1/6 
Lead  telluride 
det  -ctom,  480,  836 
filter  film,  295,  324 
Leidenfrosi,  transfer,  531 
Length,  conversion  factors,  960 
Least  squares  design,  **9S 
Lenses 

achromats,  409,  282 
aplanatic,  380,  427,  434 
conical,  843 
Conrady  G  sums,  341 
corrector,  286 
design,  340 
field,  424.  732 
immersion,  427,  433 
materials,  282 
multielement,  282-284 
projection,  426 
relay,  426 
S.C  A,  282,  284 
single  element,  282 
thin  leius  angular  dispersion,  340 
Liaponov  stability  analysis,  704,  710 
Liaponov  theorem,  711 
Light,  incoherent,  621 


Light  pipes  427,  430,  431 
Linear  systems 
analysis  methods,  668 
definitions,  662 
feedback  control  system,  662 
general  concepts,  614 
isopienatic,  Sit 
operator,  614 

ramp  inputs,  672,  687,  690,  694 
spatial  do.mrrn,  614 
stationary  (time  invariant),  614 
superposition  integral,  614 
type  0.  686 
type  1,  688 
type  2,  692 
transfer  function,  664 

Linearization  methods  of  optical  design,  409 
Lines,  spectral,  194,  291-293 
Linfoot  qualn.,  factors,  637 
Liquid-feed  coolers,  529 
Liquid-supply  cooling  systems,  533 
Liquid  propellants,  64 
Liquid  transfer  coolers,  526 
Lithium  fluoride 
Christiansen  wavelengths,  296 
prisms,  309 

reflection  coefficient,  298 
filter  substrate,  294 
Li  tiro  w  double-pass  system,  773 
Littrow  mirror,  771 
Littrow  monochromator,  764 
Littrow-mounted  spectrometer,  766 
Littrow  prism,  308 
Loading  resistance  noise  factor,  689 
Log  modulus,  6S8,  682 
Long-wavepass  interference  filters,  290 
Longitudinal  aberration,  381-386,  399 
Longitudinal  chromatic  aberration,  384-389, 
400 

Longitudinal  magnification,  373 

Look,  direction  of,  97 

Loops 

closed,  708,  710,  722 
inner,  gain  distribution,  725 
motor  driven,  688 
multiple,  analysis,  725 
open,  707 

torqued,  gearless,  692 
track,  692,  744,  746,  747 
Lorentz  broadening,  178,  189.  191 
Lorentz  line  shape,  190,  194,  291 
Lorentz- Lorentz  law,  839 
Loss  tangent,  350 
L  w- noise  amplifiers,  597 
Low-noise  cable,  611 
Low- noise  transistors,  606 
Ijow-temperature  liquids,  620 
Lucalox  glass,  321 

Lumroer-Gehrcke  plate  interferometers,  779 
Lumped -constant  line,  293 
Luneberg  apodization  theorem,  621,  636 
Lyot  filter,  299 
Lyot-Ohmsn  filL.%  298 
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M -Circle,  676 

Mai. L 

effect  on  shock  lens,  £43 
tTee-sti-eam,  848 
relation  to  Stanton  nun.1-  \  S£9 
shock-wave  angle,  840 
Magnesia,  359 
Magnesium,  806 
Magnesium  fluoride,  296,  836 
Magnesium  oxide,  294,  296,  362 
Magnification,  373,  423 
Magnifying  power,  377.  423 
Magnitude 
log,  678,  682,  720 
stellar,  107 

Maksutov  opticc*  systems,  285.  445 
Margin  mirror,  444 
Manganin,  807 

'Mapping  system,  734,  750-756 
Marginal  rays,  399 
Margin 
gain,  664 
phase,  664 

Marine  backgrounds,  166 
Mere,  7!)4 
Masonry,  82 
Mass 

coi  version  factors,  866 
defi  lition,  655 
uni  la,  table,  867 
Matrix,  filter,  29) 

Maximized  D*.  *67 
Maximum  i-nlerence  expression,  10 
Maxwell’s  probability  law,  585 
Mayer-Goody  model,  194 
Mean-square  noise  voltage,  591 
Medium  contrast  film,  572 
Melting  temperature,  optical  materials,  330 
Meniscus  «  xz,  282 
Meniscub  c  rrector,  286 
Mercuric  te.luride  detectors,  494 
Mercury  planet),  794 
Mercury 
arc,  49,  50 
Ge  Hg  detec -ore,  492 
HgTe  detector*,  494 
Merit  factors,  63 7 
Mrrit  functions,  408 
Meteoric  flu-,  793 
Meteoroid  bombardment,  792 
Meteorology,  118 
Methane 

atmospheric  absorption  bands,  250 
atmospheric,  179,  D7 
solid,  temperature,  362 
Methyl  group,  325 
Metric  system  prsflxov  857,  881 
Michelson  interferon*  ter,  777 
Mloophccics,  46! ,  5*'2 
Microscopic  irregularities,  25 
Mie  scattering,  2C5,  206 
Miller  effect,  595,  608 
Minutes,  radian  equivalents  865 


Minors 
chopper,  760 

commercially  available,  285 
corner  cube,  773 
Littrow,  771 
Margin,  4*4,  4u2 
paraboloid,  773 
spinning,  506 
Mixing  ratio,  182,  183 
Modulation  noise,  detectorr  469 
Molding  compound,  epoxy-type,  357 
Molecular  emission  of  exhausts,  67 
Molecular  groups,  325 
Molybdenum,  801 
Monel,  807 
Monochromators 
double,  765 
grating,  772 
Littrow,  764 
prism,  772,  766 
rapid-scan,  773 
single-pass,  765 
spectrometer  use,  77). 

Moon,  794 

Motor-driven  loops,  classical,  688 
Moving  reticle  filters,  650 
Multico  uple  single-stage  cooling  systems,  555 
Multielement  lens,  282,  284 
Multistage  cooling  systems,  555 
Multiple-detector  a  Tay,  755 
Multiple-detector  system,  753 
Multiple-loop  analysis  and  synthesis,  725 
Mylar,  804 

n-type  decectors,  488 
Nacreous  clouds,  124 
Narrowband  filters,  291 
National  Bureau  of  Standards 
black  body  standaids,  38,  44,  45 
carbon  filament  standards,  38 
comparison  standards,  44 
glass,  321 

radiation  star-lard,  39 
*  pectxal  ir/adiance  standards,  40 
spectra'  .•  adiance  standards,  41 
total  radiation  standar  d,  38 
Negative  feedback,  593 
Negati  ve  film,  infrared,  571,  576.  580 
Negative  transfer  function,  6uC 
Neon,  179,  520 
Neptune,  794 
Nemst  glower,  48 
Networks,  718,  724 
rti.-wu.niar  optical  e",  latiorvs,  37? 

Newton.. -  n  telescope,  Vii 

Nichrorai ,  807 

Nicks!,  807 

Ni#ht  glow,  104 

Niobium,  805 

Nitrogen,  179,  520 

o' i  roger.  hydrogen  group,  325 

Nitrous  oxidi  it  ionospheric,  179, 187,  246 

Noctilunent  tlou^e,  124 
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amplifier  sources,  584 
anode  current  flucuations,  585 
broadband  figure,  609 
factors  587 
detector,  588 
loading  resistance,  589 
minimum,  602 
operating,  588 
overall,  5S0 
preamplifier,  589 
figures,  587,  606,  607,  609 
flicker  current,  586 
generation-recombination,  470,  587 
generator,  589 
Johnson,  46°, 
low 

cable,  611 
design,  605 
modulation,  469 
Nyquist,  4? 

output  vcha^e,  464,  599 

peaked-channel,  591 

photon,  513 

planer  transistors,  603 

power,  ideal  generator,  588 

semiconductors,  junction  transistor.  586 

shot,  170,  585,  oSo,  589,  591,  592,  597 

signal-to-noise  ratio,  594,  740,  748 

source,  595 

spectral,  466 

spectrum,  of  detectors,  510 
temperature,  469,  588 
temperature-caused,  detectors,  469 
thermal,  469,  584,  591 
total  output,  591 
transistor,  597-602 
voltage,  mean-square,  591 
Noise  equivalent  input,  731,  740,  7".  3 
Noise  equivalent  power,  466,  501,  731,  753 
Noise  equivalent  resistance,  689 
Noise  equivalent  resistor,  590 
Noise  equivalent  voltage,  607 
Noise-limited  systems,  751,  752 
Nonlinear  systems 
analysis  methods,  705 
bang- bang  system,  715 
definitions.  703 

error  plus  error  rate  system,  714 
saturated,  713 

Nonoverlanping  line  approximation,  2C1 
Nonselective  scattering,  206 
Nortn:.l  e.-.iasivity,  795 
Normal  emittar.ee,  785 
Normalization  methods,  761 
Nutation,  747 
Nu viator  590 
Nyqu;*t  methods 
inverse,  677 

linear  system  analysis,  668,  672 
sampled -data  systems,  702 
Nyquist  noise,  detectors,  469 
Nyquist  plot,  design  method,  718 


Oc  an,  168-170 

Oft-axa  chromatic  aberration,  335 
Off-axis  response,  626 
One-third  rule,  725 
Open-circuit  impedance  293 
Open-loop  describing  function,  707 
Operating  noise  factor,  588 
Operating  temperatures,  detectors,  4C3 
Optical  Coating  Labo>  >tory  filters,  299 
Optical  component,  37 1 
Optical  design 
automatic,  408 
electronic  computers,  394 
primary  aberration  correction,  406 
general  considerations,  406 
merit  functions,  408 
techniques,  406 

Optical  difference  (wave  front  aberration),  616 
Optical  element,  371 
Optical  materials 

angular  dispersion  of  thin  lens,  340 
blacks 

emittance,  362 
optical  properties,  356 
cooled 

description,  359 
transmittance.  361 
Conrady  G  sums,  341 
dielectric  constants, 
dispersion,  328 
dispersion  equations,  335 
dispersive  power,  339 
equations,  347 
extinction  coefficient,  351 
hardness,  333 

Herzberger  dispersion  equation,  337 
index  of  refraction,  328,  338 
loss  tangent,  350 
radiation  damage,  358 
softening  or  melting  temperature,  330 
solubility,  333 
specific  heat,  333 
surface  coatings,  351 
theimal  conductivity  331 
thermal  expansion,  332 
transmittance,  364 
Young's  modulus,  333 
Optical  member,  371 
Optica!  parameters,  742 
Optical  pnths.  shock  wave,  843 
Optical  systems 
See  also  Lenses 
aberration-free,  629 
afocal,  422 
anamorphic,  424 
aplanatic,  427 
arrays,  756 

cardinal  points,  371-376 
cascaded,  626 
catadi optic  objective 
Bouwers  (Maksutov)  system,  285,  445 
Maksutov,  285,  445 
itUngin  mirror,  444 
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Schmidt  system  443 
transfer  function,  624 
condensers,  424 
coveiage,  732 
detector  systems 
Abhe  f  ine  conditions,  4?8 
f! no. ,  429 

field  lenses,  427,  429 
imiueision  lenses,  427,  433 
light  pipes,  427,  430 
vignetting,  429 
diffraction-' •  •v.tM.  448 
erectors,  424 
inage  blur  size,  450 
morit  factors,  S37 
multielement,  375 
periscopes,  424 
projection,  424 
radiometers,  762 
reflecting  objectives 
baffling  folded,  442 
Cassegrainian  objective,  442 
folded  reflector,  441 
Gregorian  -elescope,  442 
Newtonian  telescope,  441 
optical  col'imator,  440 
parabolic  reflector,  440 
spherical  reflector,  437 
refracting  objectives,  435,  454 
relay  systems,  24 
transfer  functions 
aberrations,  629 

annular  and  annulus  apertures,  624 
apodization,  636 
cascaded  systems ,  626 
ci  ular-aperture,  624,  630,  632 
coherent  illumination,  626 
coma,  634 

computation,  example,  634 
contrast  ratio,  623 
defocusing,  630 
description,  621 
expressions,  624 

linear  systems  development,  614 

modulus.  623,  633 

negative,  629 

sampled  data  systems,  700 

•lit  aperture,  630 

spherical  abei  ration.  63’ 

Htrvhl  criterion,  623 
typ!<  al  reflecting  system,  624 
windows,  see  Window* 

Optical  thickness,  286.  294 
Optica 

.See  u/so  ..enaes,  Optical  systems 

Airy  disc,  410 

apertures 

aberrations,  386 
annular  and  annulus,  616,  624 
ci.cular,  616,  618,  624,  030,  654,  655 
cone,  377 

entrance,  flux  density,  730 
li  nit,  626 


rectangular,  619,  654,  655 
slit,  617,  S19,  630 
stop,  371,  377-379 
aplanaiic  systems,  380 
back  focal  length,  3‘76 
baffles,  379 

cardinal  punts,  371-376 
combination  of  two  elements  376 
definitions,  410 
depth  of  field,  380 
depth  of  focus,  380 
diffraction  theory 

annular  and  annulus  aperture,  616,  624 
circular  aperture,  616,  618 
complex  amplitude,  615 
defocusing,  618 
illuminance,  615 
Kirchhoff  theory,  615 
peint  spread  function,  615 
pupi'  function,  616 
rectang  <lnr  and  slit  aperture,  619 
Straubel  p;>,  :1  function,  618 
Strehl  criterion,  621 
variable  pupil  functions,  620 
effective  focal  length,  37S 
energy  distribution,  410 
entrance  pupil,  379 
equations,  372-375 
/7no„  379 
field  stop,  378 
focal  points  371 

frequency  response  see  Response,  frequency 

front  end  description,  747 

geometry,  371 

glare  slope,  379 

image  irradiance,  380 

image  spot  size,  410 

Lagrangian  invariant,  373 

magnification,  323 

numerical  aperture,  379 

paraxial  rays,  382 

paraxial  ray  trace,  37 1 

prind;r!  points,  371-375 

princip*  \  ray,  376-377 

pupils,  377 

ra/  tracing,  375 

Rayleigh  criterion,  412 

relative  aperture,  379 

resolution,  410 

sign  convention,  371 

speed,  37i7 

Snell’s  law,  371 

symbols,  371 

vignetting,  378 

Optics  Technology,  Inc.,  filters.  299 
Optimum  bias  of  detectors,  501 
Optimum  noise  figure,  607 
•Ordnance  materials,  74 
Oscillations  (high-reflectance  zone).  290 
Output 

control,  first-derivative  method,  721 
noise  voltage,  599 
spatio-temporal,  filters,  549 
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Overshoot,  linear  system,  6G2 
Oxygen,  179,  520 
Ozone,  atmospheric 
distribution,  185 
i  rusei  jn  peak,  96 

high  altitude  maximum  concentration.  187 
percentage,  179 
relation  to  air  glow,  105 
seasonal  variation,  186 
ultraviolet  radiation,  185 
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p-type  detectors,  439 
Paint 

See  also  Enamel 
aluminum,  78,  809 
Centerlite  v/liite,  91 
Codit  sil  sr,  90 
Flex-o-lite  beaded,  92 
gold,  79 

green  masonry.  8° 

Rryloo  black,  809 
No.  15  86 
red  iron  oxide,  87 
thermal  radiation  properties,  807 
Palladium,  809 
f  aimer  scan,  736 
Parabolic  input,  691 
Parabolic  reflector,  440,  452 
Paraboloid,  optical  properties,  440 
Paraboloid  mirror,  773 
Para;nef  irs 
cooling,  742 
optics  1,  742 
sensitivity,  740 
signal  processing,  7 12 
system  block  diagram,  742 
systems,  730 
windows,  836 
Paraxial  focal  plane,  386 
Paraxial  focus,  634 
Paraxial  marginal  ray,  402 
Paraxial  principal  ray,  402 
Paraxial  raye,  377,  382,  390,  399 
Parseval's  theorem,  647 
Partial  dispersion,  403 
Partial  reflectance,  28 
Particle-size  dwtri button  curves,  188 
Pasche-i  Runge  grating  mounting,  5112 
Passband  filters,  -587 
Path  length,  116 
Paths,  at.nocf  herir,  263-266 
Peaked-channel  r>  iso,  591 
Peltier  coefficient,  i!8 
Peltier  coolers,  523.  646 
Pettier  couple,  performance,  ^49 
Pentode,  586,  592,  595 
Periscopes,  424 

Petzval  contribution  to  aberration,  400 
Petzval  curvature,  385,  439,  440 
Petzval  surfs'*,  384,  400,  439-440 
Pfund  grating  spsetrometers,  767 
Pfund  radiometer,  762 


Phase  angles,  736 
Phase  difference,  filters,  288 
Phase  lag  t  rtwt  it,  718 
P!\a*o  m  rgin,  near  syetems,  664 
Phase-  tane 
anatysis,  709 
definition,  704 
response  time,  710 
Phase  plots  (nonlinear  systems),  720 
Phase  portrait,  709,  713 
Photoconductive  detectors,  458 
Photodetectors,  458 
'’hotoelectromagnetic  detectors,  458 
Photoemissive  detectors,  458 
Photographic  film,  see  Films  and  plates 
Photometer,  double  beam,  7 12 
Photovoltaic  detectors,  458 
Photon  emission  rales,  106 
Photon  noise  limitation,  detectors,  i  .3 
Phthalocyanide,  sublimated,  306 
Physical  constants,  values,  855,  858 
Pitch,  coal  tar,  84 
Pitot  pressure,  630 
Planar  transistors,  603 
Planck  black  body  function,  795 
Planck's  law,  9,  20 
Plane  of  beet  focus,  638 
Plane  of  the  ecliptic,  785 
Planetary  albedo,  814 
Planetary  inclination,  785 
Planetary  radiation 
definition,  812 
incident,  819 
thermal,  geometry,  ?)7 
Planets 

effective  temperature,  11? 
visual  magnitudes,  112 
Plasric* 

absorption  wavelengths,  326 
filter  materials,  306-307 
Kel-F,  326 
Platinum,  359 
Plexiglass,  325 
Pluto,  794 
Points 

principal,  o;  ti-.i,  771,  375 
singular 

linear  systems,  C72 
nonlinear  systems,  704 
compensation  methods,  723 
Point  sources,  51,  638 
Point  spread  function,  615 
Poisson  distribution  (noise),  585 
Polar  coordinates,  '47 
Polarization,  *.lters,  286,  2S8 
Polarizers,  298 
Polyethylene,  325 
Por-o  prisf..  7 
Potassium  bromide 
Christiansen  wavelength,  296 
prisms,  309 

reflection  coefficient,  29% 

Potassium  chloride,  29? 
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Potassium  iodide,  298 
Power 

conversion  factors,  879 
definition,  857 
dispersive,  339 
effective,  radiometers,  763 
emissive,  earth,  790 
gain,  available,  588 
maximum  transfer,  293 
resolving,  €18 
responsivity,  761 
supply,  597 

Power-density  spectrum,  726 
Prandtl  number,  829 
Preamplifiers 
available  powe  gain.  588 
FET  design,  608 

hipn-f-equency  xupensatior..  590 
lore  f,oi»e  design,  605 
mean-square  noise  voltige,  591 
noise  factor,  589 
Pressure 

convers  on  facto rr  872 
definition,  856 

generc  U  r,  Barnes  nitrogen,  530 
regulate  *,  533 
total,  atmospheric,  189 
Principal  point,  optics,  371,  375 
Principal  rays,  399 
l-nsma  y 

Abb*,  308  / 

Amid,  tl06 
characteristics,  307 
constant-dispersing,  308 
deviating,  308 
dispersing,  308 
Dcve,  308 
fore,  766 

interchangeable,  771 
inverting,  309 
Littrow,  308 
materials,  309 
monochromator,  7€0,  772 
Porro,  309 

position  in  infrared  system,  736 
roof,  308 
rotation,  734 

sjnctroradiorrctric  uses,  763 
total  reflection,  309 
triple  mirror,  309 
Wadsworth,  308 
Probability 
of  detection,  740 
gaussian,  740 
Probes,  deep  space,  811 
Projected  solid  angle,  24 
Projection  lenses,  426 
Projection  systems,  424 
Propellant  fuels,  62,  67 
Proportionality  condition,  614 
Pulse  response,  detectors.  505 
Pulse-position  system,  746 


Pupils,  entrance  and  exit.  377-379,  616-621, 
624,  636,  733 

Pyromark  standard  black,  362 

Quadrature  method,  gaussian,  631-633 
Quantum  efficiency,  detective,  46i 
Quantum  rates  ir.  blackbody  radiation,  10 
Quarter-wave  optical  thickness.  288 
Quarter-wave  stack,  288 
Quart* 

Christiansen  wavelengths,  296 
crystal,  prisms,  309 
filter  uses,  substrate,  294 
glass,  fused,  317 
iodine  lamps,  40 

thermal  radiation  properties,  809 
windows,  39 

Quasi-random  model,  196-201 

Radiance 
absorbed,  27 
background 
winter  day,  164 
winter  night,  165 
blackbody,  96 
brick  wall,  146 
concrete,  146- '.56:  ‘64 
definition,  784 
diumnl  variations.,  144,  149 
grass,  146,  157.  164 
ground,  14i 
incident,  2? ,  27 
NBS  standfrd8,  41 
ocean,  169 
opaque  body,  70 
reflected,  24,  27 
nky,  96-99,  143,  164 
mow,  146,  163-164 
terrain,  see  Terrain 
urban  area,  143 
Radiancy,  784 

Radians,  degree  equivalents,  C65 
Radiant  emissivity,  see  Emhssivity 
Radiant  em Stance,  23 
Radi  -nt  energy  reference  level,  758 
Radiant  heat  transfer,  787 
Radiant  intensity,  24 
Radiation 
albedo,  790,812 
atmosphere,  737 

atmospheric  temperature  effects,  9? 
background, 
discrimination,  737 
high-speed  flight,  828 
minimization,  737,  739 
blackbody,  10 
boundary-layer  effects,  846 
doeagee,  360 
earth,  785 

equations  and  constants,  28 
eeometry,  22 
heat  transfer,  828 
heated  sit,  851 


laws,  9- 10 
NRS  standards,  38 
planetary,  3 12,  812,  819 
ratio  of  visible  to  infrared,  570 
reference  level,  759 
rocket  and  jet  propulsion  systems,  68 
reflected  solar,  785,  790,  812,  814,  816 
shock  wave  effects,  841 
solar  insolation,  96,  785,  812,  813 
space,  820,  821 
Sellar,  107,  110 
target,  737 
thermal, 
planetary,  817 

properties  of  selected  materials,  804 
temperature  of  atmosphere,  97 
total,  of  targets,  71 
transducer,  458 
ultraviolet,  in  space,  732 
ultraviolet,  effect  on  atmospheric  oame,  185 
windows,  827,  833 
Radiators,  distributed,  23 
Radiometers 
alternating  current,  760 
basic  d'  lign,  758 
Cassegrain,  762 
commercially  available,  761 
direct  current,  759 
effective  power,  763 
essential  components,  758 
normalization  to  the  peak,  763 
Pfiind,  762 

principal  characteristics,  759 
spectral  bandwidth,  763 
cpectroradiometers,  763 
Radiometric  quantities,  4,  761,  784 
Radiometric  relatione,  28 
Radius  of  curvature,  840 
Random  Glsasser  model,  196-201 
Random  process  Fourier  transfer,  649 
Range 

calculation,  747 
conversion  cnart,  863 
detection,  739 

Rapid-scan  monochromator,  773 

Rapid-scan  specit  meter,  773 

Raster  scan,  736 

Rate  error  lines-  systems,  663 

Rays 

limitation  by  stops  and  aperture,  377 
marginal,  399 
marginal  paraxial,  402 
paraxial,  382,  399,  402 
prindoL1.,  370-377,  399 
principal  paraxial,  402 
skew  trace,  396 
Ray  tracing 
aberrations,  388 

Coddington  s  equations,  392.  395 
desk  calc  lator,  procedures,  390 
electronic  computers,  39*1 
graphical,  398,  431 
paraxial,  377,  390 
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precision,  388 
series  of  elements,  375 
Snell's  iaw,  388 
transfer  function,  Lj4 
Rayleigh  criterion,  412,  627 
Rayleigh  interferometers,  776 
Fayleigh-Jeans  iaw,  10,  20 
Rayleigh  scattering,  204,  208 
Receiver-collector  area,  224 
Reciprocal  dispersion,  403 
Reciprocity,  films  and  plates,  574 
Reciprocity  law,  27 
Rociprocity-law  failure,  574 
Reciprocity  theorem,  Hetmhc  itz,  24,  27 
i’-Ncovery  factor,  829 
Rectangular  aperture,  619 
Rectangular  aperture  filter,  654 
Reentry  heating,  69 
Reference  blackoodies,  761 
Reference  radiation  level,  759 
Reflectance 
aluminum  foil,  76 
asphalt,  83 
coaitar  pitch,  84 
coating  materials,  80,  354 
definition,  784 
diffuse,  70 
directional,  23,  26 
enamels,  80 
fabrics,  76 

high,  zone  filters,  280 
masonry,  82 
measured  values,  74 
nonequlibrium  condition,  27 
optics1  surface  coatings,  351 
ordnance  mat'-’ais,  74 
paints,  >3 
partial  25,  28 
rubber,  natural,  75 
specular,  70 
steel,  76 
targets,  "2 

terrain  fe.  ,^res,  75,  85 
total,  25,  28 

Reflected  solar  radiation,  see  Albedo 
Reflection,  set  also  Reflectance 
coefficient,  293,  297 
distribution  function,  24 
filters,  selective,  286,  297 
internal 

immersion  lenses,  433 
light  pipes,  431 
loss 

different  incidence  angles,  350 
tangent,  350 
prism,  total,  309 
single  layer  348 
single  surface,  347 
'op  band,  290 
water  suriace,  167 
Reflectivity 

angular  dependence,  793 
definition,  784 
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directional,  88-93,  793 
interference  filters,  292 
maximum,  filters,  288 
partially  transparent  bod'  eo,  349 
reciprocity  relation,  796 
seawater,  166 
selected  materials,  796 
terrain,  142 
water,  167 

wave  slope,  effect,  168 
Reflectors,  437-440,  460 
Refracting  systems,  464 
Refraction,  286,  293,  839 
Refractive  index,  see  Ind^x  cT  refraction 
Relative  noise  temperature,  688 
Relative  stability  (linear  systems),  664 
Relative  visibility  curve,  films,  673 
Relaxation  methods  of  optical  design,  409 
Relay  lenses,  426 
multielement,  284 
Relay  systems,  424 
Replica  mirrors,  366-368 
Repre*c=tations-of-tbe-sys<em  method,  702 
Reeidu  J  aberrations,  386,  40? 

Resistance 
deter  tors,  462 

equi-  lent  noise,  689,  693  ,, 

Resistors,  690 
Resolution 

aberration  limits,  414 
criteria  for  point  sources 
Sparrow  rarnu  tion,  628 
Rayleigh  resolution,  627 
energy  distribution,  410 
limit,  aerodynamic  effects,  860 
ion,  due  to  turbulent  boundary  layer,  849 
i  ine-wave,  628 

i  pectral,  in  monochromators,  766 
spurious,  629,  637 
the  ia  tjcal  limit,  844 
Tesolviag  power,  618 
Response 

amplifiers,  high-frequency,  696 

a podi ration,  636 

frequency 

calculation*  of  design,  680 
computer  calculation,  640 
detectors,  504 
FET  amplifiers,  609 
optical,  410 
(.rack  ioop,  748 
impulse,  614 
of'  axis,  626 
optical,  643 
poise,  of  detectors,  505 
■jiectral,  of  detectors,  508 
time,  from  phase  plane,  710 
transient,  analysis,  667,  675,  702 
Responsive  area.  "*  electors,  462 
Reuponsive  elem<  t,  detector,  468 
Responsive  quantum  efficiency,  detectors.  466 
Responsivity 

slack  body,  detectors.  464 
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power,  761 

spectral,  of  detectors,  464 
Reticles 

circular  sectored,  65S 
filU’.V,  UIVUIOJ  sectored,  666 
moving,  661 

infinite  checkerboard,  864,  666 
infinite  parallel  ape  te,  86  «,  685 
square  wave,  checkeitward,  661 
wagon-wheel,  663 
Reynolds  analogy,  829 
Reynolds  numbers,  828 
Rhoirum,  351,  809 
Ribbon  filament  lamp,  68.  643 
Rim-ray  curve,  386-387 
Rise  time  (linear  systems),  662 
RMS  noise  voltage,  detectors,  464 
RMS  signal  voltage,  detectors,  453 
Rocket  and  jet  propulsion  systems 
afterburning  heat  release,  60 
exhaust 
composition,  62 
emission  bands,  64 
equilibrium  constant,  66 
firat-pariod  length,  61 
flow  field,  61 
in  vacuum,  62 
jet  structure,  60 
major  emission  bands,  67 
molecular  emiusion,  67 
noaxles,  61,  62 
particles,  67 

stagnation  temperature,  61 
temperatures,  69 
undisturbed  cone,  62 
velocity,  59 
exit  heating,  68 
heat  flow,  68 

high-energy  solid  fuels,  67 
liquid  propellants,  64 
••vaa  flow,  59 
F  npellant*  62.  67 
r  kiiation  processes,  68 
revmtry  heating,  69 
abu-ck-wave  formation,  61 
t  ;»aperatore,  68 
tl  ,-ust,  69 

Rock  sal.  priima,  309 
Rokide,  809 

Rocf  prism  (Amici),  306 
Root  locus  methods, 
linear  ivetem,  668,  683 
aampled-date  systems,  703 
systems  design.  722 
Rosette  scan,  ’.,’6 
Rotating  prism,  734 
Rotating  wedges,  735 
Rotation,  rates  of,  734,  736 
Routh’s  stability  (eat,  669 
Rowland  circle  focal  curve,  31 1 
Rowland  grr-ting  mounting,  312 
Rubber,  75 
Rubidium  iodide,  296 


1 


INDEX  9f''1 


5-plane 

Servo  analysis,  7  5,  747 

1  contour  (linear  systems),  673 

Servo-bar.dwidth-limited  system,  750 

6  transfer  functions,  700 

Servo  Corp.  of  America 

Sagittal  coma  382,  438-439 

catadioptric  systems,  285 

§  Sagittal  focus  384 

lenses,  282,  284 

Sample  function  (Fourier  transforms),  649 

Servocon  lenses,  282 

|  Sampled-datf  systems 

Setting  time  (linear  systems),  663 

|  analysis  methods,  "01 

Seya-Namioka  grating  mounting,  312 

absolute  stabili  >,  700-702 

Shape  factor,  435 

definitions,  695 

Sheet  iron,  806 

1  design,  719 

Shift,  angle,  interference  filters,  290 

transfer  functions,  700 

Shimmer,  see  Atmosphere,  scintillation;  Stare, 

types,  703 

stellar  scintillation 

Sampler,  696 

Stock  effect  on  deiectoru,  461 

Sampling,  695 

Shock  formation  theory,  61 

Sampling  theorem,  696 

Shock  v  3  ves 

Sapphire,  294 

aberrations,  842 

Satellites,  812 

angle,  840 

Saturation 

i.  Tecta,  839 

detectors,  834 

on  focal  length,  844 

systems  with,  713 

on  index  of  refraction,  844 

Saturn,  794 

on  infrared  radiation.  841 

Sawyer  glass,  318 

on  resolution,  844 

1 

Scan  patterns,  "36 

on  atagiiation  temperature,  83 

Scanning,  734,  747 

hemispherical,  846 

| 

Scanning-aperture  space  filters,  660 

supersonic,  61 

f 

Scanning-field  space  filters,  652 

Short  circuit  impedance,  293 

| 

Scattering,  96,  286 

Short- wave  pass  interference  filters,  290 

1 

Scattering  angle,  117 

Shot  noise,  470,  585,  586,  589,  591,  592,  597 

Scattering  coefficients,  204-211 

Si  con  black,  47,  362 

Schmidt  system,  443,  453 

Signal  flow  diagram,  664 

Schur-Cchn  stability  criterion,  702 

Signal  Sow  rules,  665 

Scintillation 

Signal  generator,  589 

See  alto  Stars,  stellar  scintillation 

Signal  processing,  742 

atmosphere,  210 

Signal-to-uoiae  ratio,  594,  740,  748 

turbulent  boundary-layer  effect  849 

Signal  voltage,  RMS,  detectors,  463 

Sea,  see  Ocean 

Silicate  glaas,  321 

i  Sea  water,  166 

Silicon 

Search  system  desig.i  analysis,  737 

detectors,  473 

Seasonal  variations  ai  mosphere,  186 

effect  of  neutron  bombardment  on  absorption 

Secondary  maxima,  diffraction  pattern,  618 

coefficient,  358 

Seconds,  radian  equivalents,  865 

filter  film,  295 

Seebeck  coefficient,  544,  548 

filter  substrate,  294 

Seidel  aberrations,  382-390,  630 

lenaes,  282 

Selective  absorption,  286 

neutron  bombardment,  358 

Selective  radiators,  23 

solar  cell,  810 

Selective  reflection  filters,  297 

transistor,  low  noise,  SOI 

Selective  refraction  filters,  298 

transmission  as  semiconductor,  324 

Selenium  glass,  321 

Silicon-oxygen  group,  325 

Semiconductors,  306-307,  324 

Silicon  carbide,  353 

Sensitivity 

Silicon: gold  detectors,  -.96 

analysis,  73’,  744 

Silicon  monoxide 

calculation,  equations  for,  731 

emiwivity.  359 

contours,  detectu  ns,  510 

filter  film,  235 

design  analysis,  738 

filter  mirror  coating,  352 

front-end  description,  747 

reflectance,  354 

mapping,  731 

transmittance,  356 

optical  systems,  732 

Silicon:xinc  deted  :rs,  495 

parameters  in  system  design,  740 

Silver,  351,  810 

spectral,  films,  574,  578 

Silver  chloride,  309 

target-detection,  731 

Silver  pamt,  Codit,  96 

.racking  systems,  744 

Simple  compensation  networks,  718 

Senaitometric  characteristics,  films,  573 

t 

l 

■ - 

Simple  speed  controller*.  686 
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Simpson’s  rule,  633 
Simulator,  blackbody,  32 
Sine  condition,  282,  389,  428 
Sine  waves 
modulation,  214 
resolution,  628 
spatial,  643 
target,  638 

Single  cell  detector  cooling  systems,  557 
Single-element  lenses,  282 
Single-element  objectives,  434 
S'ngle-pass  monocliromator,  765 
Sing1-;  surface  reflection  and  transruisaion,  347 
Sirgle-pulse  system,  748 
Single-stage  multicouple  cooling  systems,  555 
Single-stage  thermoelectric  cooling 
systems,  *26,  554 
Singular  points,  672.  704,  723 
Sintered  metsl  filters,  533 
Skew  ray  trace,  396 
Sky,  see  Backgrounds,  sky 
Slant  paths,  atmospheric,  261-266 
Slant  range,  1 15 
Slide  rules,  blackbody,  11 
Siit 

aperture,  617-619.  630 
entrance,  monochromator,  766 
Slope  (filters),  287 
Smoke,  203,  356 
Snells’  law,  371,  388,  398 
Snow,  142,  146,  163 
Sodium  aluminum  fluoride,  356 
Sodium  bromide,  296 
Sodium  chloride,  295,  296,  298 
Sodium  fluoride,  298 
Sodium  iodide,  296 
Solar  abeorptance,  792,  800 
Solar  activity,  101 
Solar  heat  flux,  81 1 
Solar  radiation,  see  Radiation,  solar 
Solar  spectrum  measurement?),  227-229 
Solar  system,  793 
Solder,  810 
Solid  light  pipes,  431 
Solubility  of  optical  materials,  333 
Solution  of  aberration  problems,  400 
Soot,  359 
Sources 
artificial,  32 
area,  223,  225 
blackbody  (2400°K),  47 
blackbody  simulator,  32 
carbon  arc,  49 
cavity,  32,  51 
detector  uses,  501 
field,  46 
Globar,  48 
laboratory,  46 
Lambertian,  22 
lamps,  49,  50 
low-temperature,  47 
mercury  arc,  49,  50 
NBS,  38 


Nemat  glower,  43 
Sicon-black  enamel,  47 
Welsbach  mantle-  48 
Zapon  paint,  48 

Space  and  a  pact  frequency  differentiation,  647 
Space  charge-limited  diodes,  586 
Space  environment,  792 
cooling  systems,  561 
Space-frequency  shifting,  C-id 
Space  radiation,  820 
Space  scaling,  646 
Space  shifting,  646 
Space  technology  terminology,  786 
Spacecraft 

See  also  Rocket  and  jet  propulsion  systems 

components,  temperature  range,  822 

deep  space  probes,  81 1 

passive  control,  822 

tenting,  823 

thermal  coatings,  787 

thermal  design,  821 

Sparrow  method  of  calculating  er  isaivity,  37 
Sparrow  resolution  criteria,  628 
Spatial  domain,  623 
Spatial  filter  analysis,  730 
Spatial  filtering,  737 
Spatial  frequencies,  626 
Spatial  frequency  domain,  628 
Spatial  frequency  filtering,  646 
Spatial  invariance,  621 
Spatio-temporal  filter,  649 
Specific  heat  of  optical  materials,  333 
Spectral  bands  and  lines 
absorption,  238 
admittance  (filters),  293 
carbon  dioxide,  238,  239,  240,  242,  243 
carbon  ,rionoxide,  atmospheric,  249 
equally  intense  distribution,  194 
exponential  distribution  of  line  intensities, 
194 

infinite  d’etributed,  293 
infinite  lumped-constant,  293 
intensity,  194 
Loren tx  shape,  291 
methane,  atmospheric,  250 
models,  192 
narrowness,  291 
nitrous  oxide,  atmospheric,  248 
terminated  by  z *,  293 
transmission  line  theory,  filter),  293 
water  vapor  (atmosphe,  ic),  244 
Spectral  bandwidth,  763 
Spectral  classes  of  stars,  107 
Spectral  curve,  Johnson  solar,  789 
Spectral  D*.  467 
Spectral  D*1 , 467 
Spectral  detectivity,  466 
Spectral  distribution,  761 
*  -tral  emissive  power,  earth,  790 
-itral  emittance,  785 
a.-jctral  irradiance,  see  frr&diance 
Sj>ectrpl  noise  equivalen.  power,  466 
Spectra,  purity,  765 
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Spectral  radiance,  see  Radiance 
S\  jctral  reflectance,  se  Reflectance 
Spectra!  response  detecu.rs,  464,  508 
Spectral  sensitivity,  574 
Spectrometers 
commercially  available,  767 
double-pass,  771 
flame  temperature,  772 
grating.  76f 
in-line,  774 
interferometer,  774 
Littrow  mounting,  766 
Pfund  grating,  767 

pricm-grating  double  monochromator,  771 
rapid-scan,  773 
Spectrophotometers 
direct-ratio,  776 
double-beam  ptical  wall,  7~5 
Spectror  tdiomeiers  763 
Spectroscopic  energ>,  conversion  factors,  878 
Spectroscopic  films,  K^dak,  577,  572-573,  576- 
579 

Spectrum  analyzer,  726 
Speed 

aperture,  379,  856,  869 
conversion  factors,  856 
definition,  869 

Speed  controllers,  simple  control  systems,  686 
Spherical  aberration,  382-388,  399-400,  414, 
435-439,  446-447,  629-033 
Spherical  Fabry-Pcrot  interferometer,  779 
Spherical  mirror,  437 
Spherical  reflector  optical  system,  437-439 
Spherochromatism,  386 
Spike,  interference  filters,  292 
Spinning-mirror  technique,  506 
Spiral  scan,  7°6 
Spot  diagram,  389 
Spread  function,  617 
Spurious  resolution,  629,  637 
Square-hand  interference  filter,  291 
Square  coefficient  labsorptance),  196 
Square- wove  reticle  filters,  651 
Square  root  region,  191 
Stability 
absolute 

analysis  method,  669,  672,  674,  681,  685, 
700 

linear  systems,  664,  707  702 
nonlinear  systems,  702 
sampled-data  systems,  700 
asymptotic,  704 
criteria 

James-Weiss,  672 
Schur-Cohn,  702 
describing  function  analysis,  70S 
global,  704 
Liaponov,  704,  710 
relative  (linear  sys  ems).  664 
test,  Routh’s,  669 
transistors,  598 
Stabilization 
bias,  598 


requirements  of  mapping  systems,  756 
track,  750 

Stack,  quarter- wave,  288 
Stagnation  temperature,  61,  831 
Stainless  steel,  76,  801,  810 
Stand  at-. 

atmospneric  temperature  profiles  177 
carbon  filament,  30 
length,  855 

NIIS  emissivity  comparsion,  44 
NI!S  radiation,  38 
NBS  spectral  irradiance,  40 
NBS  spectral  radiance,  41 
noise  temperature  C88 
Pyromark  black,  362 
Stanton  number,  828 
Stars 

apparent  galactic  concentration,  109 
background  radiation,  107 
concentration  by  spectral  class,  109 
effective  temperature,  112 
numbers,  by  magnitude,  107 
spectral  classes,  percentages,  107 
spectral  classification,  107 
spectral  distribution  of  stellar  radiation,  110 
spectral  irradiance  by  visual  magnitude,  114 
stellar  scinrillation 
aperture  size,  effect  of,  218,  221 
crossover  frequency,  215 
effects  of  upper  air  winds,  216 
zenith  distance,  218,  222 
surface  ;“inperaturc.,  107 
visual  magnitude,  112 
Stationary  systems,  614 
Statistical  model,  194-199 
Steady-state  behavior,  674,  681,  685 
Steel,  stainless,  76,  359,  810 
Steepest  descent  design,  optics,  463 
Stefan-Bultzmann  constant  39 
Stei’an-Boltzmann  law,  10 
Stellite,  3ftl 

Step  inputs,  672,  689,  693 
Steradiancy,  784 
Stirling  cycle,  540 
Stop  band,  287,  290 
Stop  shift  theory,  404,  440 
Stratosphere 
aerosol  content,  141 
eloudB,  124 
dry,  181 

water  vapor,  182,  183 
wet,  181 

Straubel  pupil  function,  618 
Strehl  criterion,  621,  633,  636 
Strip  filament  lamps,  50 
Strong-line  approximation  cf  absorptance,  191, 
200 

Sub-auroral  belts,  101 
Substrates,  filter,  287,  294 
Sun, 794 

See  alto  Insolation;  headings  beginning  Solar 
Superposition,  linear  systems,  614 
Supersonic  shock  waves,  61 
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Surfaces 
aplanatic,  427 
aspheric,  385,  402 
coatings,  352 
irregularities,  25 
Petival,  384,  400,  439-440 
targets,  see  Targets 
thermopile,  40 
Symmetrical  principle,  406 
Symmetry,  axis  of,  344 
Synchronous  detection,  610 
‘  y»‘  ;ms,  see  system  names 

T-12  (optica!  material),  326 
Tabor,  810 
Tangent,  loss,  358 
Tantalum,  803,  810 
Target  presence  generation,  750 
Target-detection  sensitivity,  731 
Targets,  58 

See  also  Rocket  and  jet  propulsion  systems 
blast  furnaces,  69 
concrete,  146 
contrast,  71 

directional  reflectivity,  88-93,  793 
grey  body,  70 

passive,  temperatures  of,  72 
perfectly  diffusing  surface,  70 
power  plants,  69 
radiance,  70 

radiation  design  consideration,  737 
reflectance,  70 
suoersonc  shockwavea,  61 
thermal  emission,  70 
total  radiation,  71 
vehicle  exhausts,  69 
Telescope 
astronomical,  422 
Cassegrain,  442 
Galilian,  422 
Gregorian,  442 
Newtonian,  441 
terrestrial,  422 
Tellurium  detectors,  48  J 
Temperature 

ambient,  effects  on  radiance  of 
snow,  163 

conversion  factors,  873 
d  ifinition,  856 
detectors 
background,  462 
cycling  tests,  461 
noise,  effect,  469 
operating,  463 

ranges  of  detector  cooling  system,  525 
storage  requirements,  461 
effects  on  atmospheric  scintillation,  223 
effects  on  semiconductors,  32*1 
gradients,  833 
high-speed  flight 
rate  of  increase,  832 
recovery,  832 
wall,  821 


local  static,  c3i 
low-,  liquids.  520 
lowest,  for  liquid  gases,  521 
maximum  (recovery),  832 
methane,  solid,  562 
noise,  588 
optical  materials 
melting,  330 
specific  heat,  S33 
thermal  conductivity,  331 
thermal  expansion,  332 
profiles,  177- 180 

ranges,  of  spacecraft  corn  ponents,  822 
sea-surface,  distribution,  169 
oea  boundary  layer  structure,  170 
stagnation,  61,  831 
stellar,  iG7 
terrain,  142 
window,  833,  837 
Terrain 
airfield,  144 
bare  ground,  142-143 
city,  144 

concrete,  see  Concrete 

diurnal  variations  in  radiation,  143 

dry  sand,  144 

emissivity,  75,  142 

forest,  144 

grass,  144,  146,  167,  164 
moist  sued,  144 
ocean,  142 

radiance,  spectral,  142 
radiation  of  selected  backgrounds,  144 
reflectance,  75,  85 
reflectivity,  142 
snow,  142,  146,  163,  164 
spectra,  143 
temperature,  142 
urban  area,  143 
Terrestrial  telescope,  422 
Thallium 
bromo-iodide,  309 
bromide,  298 
chloride,  297 
iodide,  296,  298 
Theoretical  limit 
detectivity,  bl2 
resolution,  844 
Thermal 

coating;  for  spacecraft,  787 
conductivity,  331 
contact  conductance,  786 
detectors,  46.  t,  459 
emission,  70,  96 

expansion  of  optical  materials,  332 
joint  conduction,  786 
loads,  827 
measurements,  794 
noise,  469,  585 
radiation,  see  Radiation 
Thermistors,  458,  498 
Thermocouples,  458,  499 
Thermoelectric  moling  systems,  523.  544 
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Thermopiles,  40,  458 

Thermopneuinatic  detectors,  458-459,  500 

Thermovoltaic  detectors,  459 

Theveni".  equivalent,  500 

Thick  lene,  375 

Thickness,  optical,  288,  294 

Thin  lens,  340,  372,  375,  404 

Thin  element  optical  systems,  436 

Third  order  aberrations,  382-390,  404,  414 

Thomson  relations,  548 

Thorium  fluoride,  293 

Tnree-e lenient  aenromat,  284 

Threshold,  operating,  740 

Thrust,  59 

Time 

behavior  (linear  systems),  672 
constant,  662 
detectors,  465,  504,  738 
conversion  factors,  868 
definitions,  856 
delay,  662 

dwell,  730,  734,  739,  752 
integration,  745 
response,  663 
from  phase-plane,  710 
rise,  662 
to  peak,  663 

Time-invariant  systems,  614 
Tin,  811 

Titanium,  351,  810 
Titanium  dioxide,  295 
Titanox-RA,  810 
Torque 

o  n  version  factors,  671 
definition,  856 
Total  absorptance,  28 
Total  emiseivity,  28 
Total  emittance,  785 
Total  power,  437 
Total  radiation,  71,  821 
Total  reflection  prism  309 
Ir.'„'k  accuracy,  746 
Trac  t  stabilization,  750 
Tra  x-tield  size,  745 
Track-loop 
definition,  744 
servo  analysis,  747 
frequency  response,  746 
Track -while-scan  system,  745 
Tricking  system,  744 

man,/  tracking  loops  system,  692 
Trsnscsnduciance,  dynamic,  58t> 

Transducer,  458 

Transfer,  beat,  see  Heat  transfer 
Tr  jmsfer  efficiency,  cooling  systems,  531 
Trarsfer  functions 

S  «  clso  Optical  systems,  t  ansfc  function 
Ci  ised  loop,  722 
linear  systems.  664 
a-pline,  700 

samplcd-data  systems,  7 00 
Transform  relationships,  S9€ 

T-Hnsformction  analysis,  702 


Transformers 
broadband,  604 
coupling,  604 
design,  604 

Transient  behavior,  674,  681,  685 
Transient  response  analys's 
linear  systems,  667,  675 
gampled-data  systems,  ’  02 
Transistors,  586,  597-602,  604,  606 
Transmission 
atmospheric,  737 
efficiency,  light  pipes,  431 
Lyot  filter,  299 
semiconductors,  307 
through  the  atmosphere,  252 
through  clouds,  258 
window,  at  elevated  temperatures,  833 
Transmission-line  theory,  293 
Transmission  region  of  optical  materials,  326 
Transmissivity 

calculation  of  atmospheric  slant  paths,  266 
partially  transparent  bodies,  349 
sea  water,  166 
Transmittance 
antireflection  coatings,  356 
cooled  optical  materials,  359-361 
definition,  784 

filters  (pho*ographic),  574,  580 
glass 

calcium  aluminate,  323 
Coming  No.  18655,  318 
Cermanate,  522 
itig’Wica,  318 
ir  terferometers,  730 
optical  materials,  C-64 
peak,  287 
polyethylene,  325 
semiconductor  materials,  0-4 
single  layer,  348 
single  surface,  347 
substrate,  287 

Transverse  aberrations,  381,  385,  390,  399 

Trap,  cold,  533 

Tiiode,  589,  592 

Triple  mirror  prism,  309 

Triple  point,  520 

TVopupause,  122-123 

Tubes,  vacuum,  592-595 

Tungsten,  803,  811 

Tungsten  filament  lamp,  40,  4  ,  643 

Tungsten  oxide,  356 

Turbine  expander  cooling  systems,  544,  545 
Turbulent  flow 
aerodynamic  effects,  848 
recovery  factor,  829 
Stanton  number,  831 
transition  from  laminar  flow,  828 
Twilight  airglow,  106 
Twinkle,  see  Atmosphere,  scintillation 
Twyman-Green  interferometer,  777 
Type  0  linear  system,  686,  70? 

Type  1  linear  system,  688,  703 
Type  2  linear  system,  692,  703 
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Ultraviolet  absorptance,  792 
Ultraviolet  radiation  in  space,  792 
Upper  air  winds,  216 
U”jir*w,  794 

/  number,  Abbe,  403,  409 
V"  value,  435 
Vacuum  environment  specifications,  detectors, 
461 

Vacuum  tubes,  592,  593,  595 
amplifiers,  592 
Velocity 

conversion  factors,  869 
definition,  856 
Venus,  794 

Vertical  black  body,  45 
Vcry-nigh-impedance  amplifiers,  5.06 
Vibration  requirements,  detectors,  461 
View  angles,  115 
Visibility,  relative,  573 
Vignetting,  378,  429 
Vinyl,  76 
Voltage 

output  noise,  599 
RMS  signal,  detectors,  463,  464 
Volume 

conversion  factors,  864 
definition,  855 
Vyoor  glass,  294,  3i . 

Wadsworth  grating  mounting,  312 
Wadsworth  prism,  308 
Water,  167,  362 
sea,  167 

Water  vapor,  96,  178,  181,  244 
Wave,  symmetrical  triangle)  651 
Wcve  number,  288 
Wave  s’ope,  168 
Wave-front  aberration,  616 
Wavelength 
detectors 
cutoff,  468 
peak,  467 
filters.  287 
operation,  738 

Weak-line  approximation,  197-198 
Wedges,  rotating,  735 

Weighting  funct,  in  (linear  systems),  663,  672 
Welsbaih  mantle,  43 


White  enamel,  359 
Wind,  216,  223 
Wien  lav,  10,  20 
Wiener  spectrum,  649,  651 
Windows 
aberrations,  823 
detectors,  359 
ease  of  fabrication,  827 
emisaivity.  327 
entrance  a  id  exit,  378 
fluorite,  39 
heating  of,  827 
hot-,  problem  alleviation,  836 
materials 

characteristics,  833 
emisaivity,  835 
magnesium  fluoride,  836 
parameters,  836 
quart*,  39 

radiating,  effecta,  833 
radiation,  627 

at  elevated  temperature,  833 
requirements,  826 
temperati  *•*  rise,  837 
transmission  at  elevated  temperature,  833 
Wool.  76 
Work 

conversion  factors,  875 
definition,  837 

Xenon,  179 

Young’s  modulus,  333 

z-plane,  transfe?  functions,  700 

z- transform,  698 

Zapon  paint,  48 

Zenith,  96,  S9, 105,  115,  143 

Zero-order  circuits,  696 

Zinc 

Ge-Si:Zn  detectors,  495 
Ge;Zn  detectors,  493,  495 
Zinc  sulfiJe,  395,  297,  356 
Zinc  oxide  paint,  86 
Zirconia,  359 
Zirconium,  51 
Zirconium  dioxide,  295 
Zonal  aberrations,  386 
Zone,  auroral,  101 
Zone,  high-reflectance,  288-290 
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